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ABSTRACT
Q u a n t i t a t iv e  e v id e n c e  s u p p lie d  by bo ttom  sed im en t t e x t u r a l  
a n a ly s i s ,  F o u r ie r  g r a in - s h a p e  a n a ly s i s  and Q-mode f a c t o r  a n a ly s is  
in d ic a te  t h a t  r i v e r - b o m e  s a n d - s iz e d  sed im en t o r ig i n a t in g  in  th e  
u p p e r re a c h e s  o f  th e  Rappahannock i s  a c t i v e ly  t r a n s p o r te d  downstream  
and u l t im a te ly  d e l iv e r e d  t o  th e  e s tu a r in e  sed im en t reg im e . C u rre n t 
v e lo c i ty  o b s e r v a t io n s  in  th e  u p p e r e s tu a r y  as  w e ll as  suspended  
sed im en t c o n c e n tr a t io n s  m easured  a t  s tream  gag in g  s t a t i o n s ,  in d ic a te  
t h a t  s h o r t - te r m  ex trem e h y d ro lo g ic a l  e v e n ts  such  as p e r io d ic  r i v e r  
f lo o d in g  p ro v id e  a  p l a u s i b l e  t r a n s p o r t  mechanism to  move r iv e r - b o r n e  
san d s i n t o  th e  e s tu a r in e  sed im en t reg im e . E v en ts  o f  t h i s  n a tu r e  can 
d i s r u p t  av e rag e  p a r t ly -m ix e d  e s tu a r in e  c i r c u l a t i o n  p a t t e r n s  by d i s ­
p la c in g  th e  s a lt-w e d g e  to  a  more seaw ard  p o s i t i o n ,  in c r e a s e  s t r a t i f i ­
c a t io n  and c r e a te  a  n e t-s e a w a rd  r i v e r - ty p e  flow  w ith in  th e  a f f e c t e d  
p o r t io n s  o f  th e  e s tu a r y ;  th u s ,  a llo w in g  h ig h  c o n c e n tr a t io n s  o f  
r iv e r - b o m e  sed im en ts  a s s o c ia te d  w ith  th e  h ig h  f r e s h w a te r  in f lo w  to  
move in to  th e  e s tu a r y  and become in c o rp o ra te d  in to  th e  e s tu a r in e  
sed im en t reg im e .
Bottom sed im en t t e x t u r a l  a n a ly s i s  in d ic a te s  t h a t  th e  two m ajo r 
landw ard  so u rc e s  o f  s a n d - s iz e d  sed im en t to  th e  Rappahannock E s tu a ry  
a re  th e  P ie d m o n t-d e r iv e d  r i v e r  san d s and s a n d - s iz e d  sed im en t d e r iv e d  
from  th e  c o n s ta n t  d e n u d a tio n  o f  f a s t  lan d  b l u f f  sed im en ts  w hich 
d i r e c t l y  o u tc ro p  a lo n g  c e r t a i n  re a c h e s  o f  th e  Rappahannock R iv e r. 
S a n d -s iz e d  sed im en t i s  c o n s i s t e n t ly  p re s e n t  w ith in  a l l  th e  bottom  
sed im en t sam ples ta k e n  from  th e  e s tu a r y  ch an n e l a s  w e ll as a lo n g  i t s  
f la n k in g  s h o a ls .
F o u r ie r  g ra in - s h a p e  a n a ly s i s  s e rv e s  t o  d i f f e r e n t i a t e  th e  
P ie d m o n t-d e r iv ed  r i v e r  san d s from  th e  f a s t  lan d  b l u f f  sands in  t h a t  th e  
s a n d - s iz e d  sed im en t d e r iv e d  from  each  o f  th e s e  p ro v en an ces  p o s se s s  
h ig h ly  c o n t r a s t a b le  shape  a t t r i b u t e s .  Based upon th e  d i s t r i b u t i o n  
o f  F o u r ie r  harm onic  a m p litu d e s  o f  n in e ty - f o u r  san d -sh a p e  sam ples 
o v e r a d e f in e d  ra n g e  F o u r ie r  harm onic  a m p litu d e  c l a s s  i n t e r v a l s ,  
i t  i s  found t h a t  th e  r i v e r  sands and f a s t  la n d  b l u f f  san d s r e p r e s e n t  
two s t a t i s t i c a l l y  n o n - s im i la r  san d -sh ap e  p o p u la t io n s .  The d i s t r i ­
b u tio n  o f  F o u r ie r  harm onic  a m p litu d e s  a l s o  s u g g e s ts  t h a t  th e s e  two 
n o n - s im i la r  san d -sh a p e  p o p u la t io n s  mix to g e th e r  w ith in  th e  r i v e r ’ s 
a c t i v e  t r a n s p o r t  sy stem  landw ard  o f  th e  Rappahannock E s tu a ry . The 
p r o p o r t io n a l  m ix ing  o f  th e s e  two san d -sh ap e  p o p u la t io n s  and su b seq u en t 
d o w n riv e r t r a n s p o r t  r e s u l t s  in  th e  d e l iv e r y  o f  b o th  shape p o p u la t io n s  
in to  th e  e s tu a r in e  sed im en t rbgim e where th e y  may become d e p o s ite d  
a n d /o r  r e d i s t r i b u t e d  w ith in  th e  e s tu a r in e  se d im e n ts .
Q-mode f a c t o r  a n a ly s i s  i s  em ployed in  o rd e r  t o  d e te rm in e  th e  
r e l a t i v e  e x te n t  o f  th e  p r o p o r t io n a l  m ix ing  o f  th e  two n o n - s im i la r  
san d -sh a p e  p o p u la t io n s  w ith in  th e  a c t i v e  t r a n s p o r t  system  o f  th e  
Rappahannock R iv e r -E s tu a ry  v i a  th e  g ra in - s h a p e  in fo rm a tio n  s u p p lie d  
by F o u r ie r  a n a ly s i s .  Q-mode a n a ly s i s  d e te rm in ed  t h a t  th r e e  com posi- 
t i o n a l l y  d i s t i n c t  end-m em bers, o r  f a c t o r  com ponents, a r e  s u f f i c i e n t  
enough t o  encom pass 98.5% o f  th e  t o t a l  g ra in - s h a p e  v a r ia n c e  c o n ta in e d  
w ith in  th e  d i s t r i b u t i o n  o f  F o u r ie r  harm onic a m p litu d e s  f o r  th e  n in e ty -  
fo u r  san d -sh a p e  sam p les . Based upon th e  d i s t r i b u t i o n  th e s e  sam ples 
w ith in  th e  d e f in e d  f a c t o r  ( v a r ia b le )  sp a c e , i t  i s  q u a n t i t a t i v e l y  
d e te rm in e d  t h a t  v a r io u s  p e rc e n ta g e s  o f  th e  P ie d m o n t-d e r iv ed  r i v e r  
san d s a r e  p r e s e n t  w ith in  th e  bo ttom  sed im en ts  o f  th e  Rappahannock 
E s tu a ry  b o th  in  th e  e s tu a r y  ch an n e l a s  w e ll as a lo n g  i t s  f la n k in g  
sh o a l a r e a s .  T hus, F o u r ie r  g ra in - s h a p e  a n a ly s i s  p ro v e s  as  a  u s e f u l  
g e o lo g ic a l  t o o l  in  t h a t  i t  q u a n t i t a t i v e l y  d e te rm in e s  t h a t  r iv e r - b o m e  
s a n d - s iz e d  sed im en t i s  p r e s e n t  w ith in  th e  Rappahannock e s tu a r in e  
sed im en t reg im e .
AN INVESTIGATION OF SAND TRANSPORT PHENOMENA 
IN THE RAPPAHANNOCK RIVER-ESTUARY, VIRGINIA
INTRODUCTION
T h ere  h a s  been  much s p e c u la t io n  a s  t o  w h e th er th e  drowned r i v e r -  
v a l l e y  sy stem s o f  th e  A t l a n t i c  C o a s ta l  P la in  a re  so u rc e s  o r s in k s  f o r  
s e d im e n ts ; m o reo v e r, w h e th er s a n d - s iz e d  sed im en ts  o r ig i n a t in g  w ith in  
th e  f l u v i a l  re a c h e s  o f  th e s e  r i v e r s  a r e  a c t i v e l y  t r a n s p o r te d  dow nstream  
in to  th e  e s tu a r in e  sed im en t reg im e (Simmons, 1955; Meade, 1969, 1972; 
N ic h o ls ,  1972, 1977; K rone, 1972). T h is  s p e c u la t io n  a r i s e s  a s  a  r e s u l t  
o f  th e  dynam ic n a tu r e  o f  e s tu a r in e  c i r c u l a t i o n  p a t t e r n s  and how th e s e  
p a t t e r n s  a f f e c t  sed im en t t r a n s p o r t  p ro c e s s e s .  P r i t c h a r d  (1967) d e v e l­
oped a s i m p l i s t i c  e s tu a r in e  c i r c u l a t i o n  model w hich p ro p o se s  t h a t  a 
tw o - la y e re d  flo w  system  d ev e lo p s  w ith  a  n e t- la n d w a rd  bo ttom  t r a n s p o r t  
and a n e t- s e a w a rd  s u r f a c e  t r a n s p o r t .  T h is  model i s  b ased  on th e  f a c t  
t h a t  f r e s h w a te r  e n te r in g  u p s tream  m ust e v e n tu a l ly  be t r a n s p o r te d  s e a ­
w ard , and th e  more dense  s a l i n e  w a te r  m ust fo r c e  i t s  way u p s tream  t o  
m a in ta in  a c o n t in u i ty  o f  flo w . P r i t c h a r d  (1954) h a s  a l s o  shown t h a t  
th e  maximum v e l o c i t i e s  o f  th e  f r e s h w a te r  o c c u r  a t  o r  n e a r  th e  s u r f a c e  
w h ile  maximum n e a r  bo ttom  v e l o c i t i e s  o c cu r a t  o r  n e a r  th e  b ed . S u rfa ce  
v e l o c i t i e s  g e n e r a l ly  d e c re a se  w ith  d e p th  and n e a r  bo ttom  v e l o c i t i e s  
d e c re a se  w ith  d i s ta n c e  from  th e  b o tto m . C o n se q u e n tly , a p o in t  o r  
l a y e r  o f  n o -n e t  m o tion  o c c u rs ,  o r  z e ro  v e l o c i t y ,  c lo s e  t o  th e  f r e s h -  
s a l t w a te r  i n t e r f a c e .
I t  sh o u ld  be p o in te d  o u t t h a t  t h i s  c l a s s i c a l  e s tu a r in e  c i r c u l a t i o n  
m odel i s  o v e r ly  s im p l i f i e d  and r e p r e s e n ts  a g e n e r a l iz e d  e s tu a r in e
2
3c i r c u l a t i o n  schem e. T h is  h a s  b een  d e m o n s tra ted  by E l l i o t  (1978) who 
o b se rv ed  m e te r o lo g ic a l ly  in d u ced  c i r c u l a t i o n  p a t t e r n s  in  th e  Potomac 
E s tu a ry ,  a  C hesapeake Bay T r ib u ta r y .  O b se rv a tio n s  w ere made o v e r a 
p e r io d  o f  one y e a r  (1974-1975) b a se d  upon c u r r e n t  m easurem ents a t  th r e e  
l e v e l s  w ith in  th e  e s tu a r y .  S ix  d i s t i n c t  c i r c u l a t i o n  p a t t e r n s  w ere 
re c o g n iz e d : c l a s s i c a l  " P r i t c h a r d  Flow1’ a s s o c ia te d  w ith  a  p a r t i a l l y
m ixed e s tu a r y  ( s u r f a c e  o u tf lo w -b o tto m  in f lo w ) o c c u r re d  43% o f  th e  
t o t a l  t im e , r e v e r s e  e s tu a r y ,  t h r e e  la y e r e d ,  r e v e r s e  th r e e  la y e r e d ,  
d is c h a rg e  and s to r a g e  acc o u n te d  f o r  57% o f  th e  t o t a l  t im e . In  s h o r t ,  
i t  m ust be re c o g n iz e d  t h a t  e s tu a r in e  c i r c u l a t i o n  p a t t e r n s  te n d  t o  be 
h ig h ly  v a r i a b l e  and t h a t  a v e rag e  o r  " c l a s s i c a l  f lo w  p a t t e r n s "  do n o t 
a lw ays p e r s i s t .
In  te rm s o f  sed im en t t r a n s p o r t  p ro c e s s e s  in  e s t u a r i e s ,  m ost o b s e r ­
v a t io n s  have been  made d u r in g  r e l a t i v e l y  s t a b l e  c o n d i t io n s  o f  av e rag e  
o r  low r i v e r  in f lo w  and have c e n te re d  a ro u n d  q u e s t io n s  c o n c e rn in g  th e  
t r a n s p o r t  p ro c e s s e s  o f  f i n e  g ra in e d  s i l t s  and c la y s .  T h is  i s  c h i e f ly  
due t o  th e  o b se rv ed  f a c t  t h a t  u n l ik e  r i v e r  c h a n n e ls  w hich te n d  t o  be 
paved  w ith  c o a r s e r  s e d im e n ts , e s tu a r in e  sed im en ts  a re  m a in ly  composed; 
o f  muds r a t h e r  th a n  san d . Many s tu d ie s  have exam ined f i n e  p a r t i c l e  
f l o c c u la t i o n  p ro c e s s e s  and i t s  e f f e c t s  upon e s tu a r in e  s e d im e n ta tio n  
p a t t e r n s .  Krone (1972) p ro p o se s  t h a t  d u r in g  a v e ra g e  f lo w  c o n d i t io n s ,  
m o d e ra te ly  s t r a t i f i e d  e s t u a r i e s  a r e  e s s e n t i a l l y  a c lo s e d  system  in  
te rm s  o f  suspended  sed im en t t r a n s p o r t  p ro c e s s e s .  Suspended sed im en ts  
( c h i e f ly  s i l t s  and c la y s )  in  e s t u a r i e s  a re  b e in g  c o n t in u a l ly  d e p o s i te d ,  
re su sp e n d e d  and r e c y c le d  due t o  th e  h y d ra u l ic  n a tu r e  o f  th e  c h a r a c te r ­
i s t i c  b i - d i r e c t i o n a l  flo w  reg im e  ( f ig u r e  1 ). In  a d d i t io n ,  th e  d e p o s i­
t i o n  o f  r i v e r - b o m e  suspended  sed im en ts  h a s  been  o b se rv ed  n e a r  th e
4F ig u re  1 A d iag ram  o f  e s tu a r in e  s h o a lin g  p ro c e s s e s  and sed im en t 
t r a n s p o r t  p a t t e r n s  (from  K rone, 1972).
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6landw ard  l im i t  o f  s a l t w a t e r  i n t r u s i o n  w here r i v e r  w a te rs  con v erg e  a n d 1 
mix w ith  th e  m ore d en se  s a l i n e  b o ttom  w a te r s .  Due t o  th e  tu r b u l e n t  
n a tu r e  o f  t h i s  co n v erg en ce  zo n e , su spended  sed im en t c o n c e n tr a t io n s  
in c r e a s e  s i g n i f i c a n t l y  and t h i s  phenomenon h a s  been  r e f e r r e d  t o  as 
th e  T u r b id i ty  Maximum Zone (N ic h o ls , 1972).
In  th e  p a s t ,  few o b s e r v a t io n s  document th e  e f f e c t s  o f  h ig h  in f lo w  
o r  f lo o d in g  e v e n ts  w hich te n d  t o  d i s r u p t  a v e ra g e  e s tu a r in e  c i r c u l a t i o n  
p a t t e r n s .  The re s p o n se  o f  an e s tu a r y  t o  th e  h ig h  in f l u x  o f  f lo o d  w a te rs  
i s  t h a t  th e  s a l t  i n t r u s i o n  i s  d is p la c e d  seaw ard  and la r g e  in f lu x e s  o f  
r iv e r - b o r n e  sed im en ts  a re  in tro d u c e d  t o  th e  head  o f  th e  e s tu a r y .  T h is  
h a s  been  re c o rd e d  by  I n g l i s  and A lle n  (19 5 7 ); Meade (1 9 7 2 ); N ic h o ls  
(19 7 7 ); N ic h o ls ,  e t  a l .  (1 9 8 1 ). N ic h o ls ,  e t  a l .  (1981) o b ta in e d  f i e l d  
o b s e r v a t io n s  o f  a  f lo o d in g  ev en t (O p e ra tio n  HIFLO) in  th e  Rappahannock
f
R iv e r E s tu a ry  d u r in g  M arch and A p r i l ,  1978. F re sh w a te r  d is c h a rg e s  o f  
up t o  358 m3 p e r  second  w ere re c o rd e d , an in f lo w  t h a t  o c cu rs  once e v e ry  
y e a r  on th e  a v e ra g e . D uring  fo u r  days o f  p eak  f lo o d in g  (March 26-M arch 
2 9 , 1978), th e  s a l t  i n t r u s i o n  was d is p la c e d  13 km seaw ard  and 21 ,000  
to n s  o f  se d im e n t, ab o u t 30% o f  th e  an n u a l a v e ra g e  r i v e r  in p u t ,  was 
s u p p l ie d  t o  th e  e s tu a r y  h ead . T h is  in fo rm a tio n  does su g g e s t t h a t  p e r i ­
o d ic  f lo o d in g  e v e n ts  can p ro d u ce  d ra m a tic  e f f e c t s  upon th e  h y d ra u l ic  , 
reg im e as  w e ll a s  sed im en t t r a n s p o r t  p ro c e s s e s  o f  an e s tu a r y ,  and 
a lth o u g h  f lo o d in g  e v e n ts  a r e  s h o r t  te rm , th e y  may v e ry  w e ll  have long 
te rm  im p l ic a t io n s  upon th e  s e d im e n ta lo g ic a l  scheme o f  a  p a r t i c u l a r  
e s tu a r y .
S in ce  m ost e s tu a r in e  sed im en t t r a n s p o r t  s tu d ie s  have c o n c e n tra te d  
on th e  t r a n s p o r t  p ro c e s s e s  a s s o c ia t e d  w ith  f i n e  g ra in e d  s i l t s  and 
c la y s ,  v e ry  l i t t l e  i s  known abou t th e  d i s t r i b u t i o n  o f  s a n d - s iz e
7se d im en ts  in  an e s tu a r y .  A lso , v e ry  l i t t l e  in fo rm a tio n  e x i s t s  abou t 
th e  num ber o f  p o t e n t i a l  s o u rc e s  o f  san d , th e  r e l a t i v e  im p o rtan ce  o f  
one so u rc e  v e r s u s  a n o th e r  in  c o n t r ib u t in g  sand  t o  th e  e s tu a r in e  s e d i ­
m ent re g im e . M oreover, w hat a r e  th e  p o t e n t i a l  t r a n s p o r t  m echanism s 
w i th in  t h e  r i v e r - e s t u a r y  system  c a p a b le  o f  t r a n s p o r t i n g  sand  and 
in tr o d u c in g  i t  t o  th e  e s tu a r in e  sed im en t re g im e , s in c e  th e  c l a s s i c a l  
t r a n s p o r t  m echanism s f o r  su sp en d ed  s i l t s  and c la y s  may n o t  a p p ly  t o  
th e  c o a r s e r  m a te r i a l s .
T h e re fo re ,  th e  r e s e a r c h  o b je c t iv e  o f  t h i s  i n v e s t i g a t i o n  i s  to  
a t te m p t t o  g a in  q u a n t i t a t i v e  i n s ig h t  i n to  th e  q u e s t io n  a s  t o  w h e th er 
r i v e r - b o m e  s a n d - s iz e d  sed im en t o r ig i n a t in g  in  th e  u p p e r re a c h e s  o f  
th e  Rappahannock R iv e r i s  u l t i m a t e l y  t r a n s p o r te d  i n t o  th e  e s tu a r in e  
sed im en t reg im e . In  a d d i t i o n ,  e v a lu a te  p la u s i b l e  t r a n s p o r t  m echanism s 
w hich may p ro v id e  th e  o p p o r tu n i ty  f o r  r iv e r - b o m e  san d s t o  move in to  
th e  Rappahannock E s tu a ry .
I . PHYSICAL CHARACTERISTICS OF THE RAPPAHANNOCK RIVER-ESTUARY
SYSTEM IN VIRGINIA
Rappahannock R iv e r -E s tu a ry  Geography
The Rappahannock R iv e r -E s tu a ry  system  i s  lo c a te d  w ith in  th e  M iddle 
A t l a n t i c  C o a s ta l  P la in  o f  S o u th e a s te rn  V ir g in ia  and i s  one o f  f o u r  m a jo r 
t r i b u t a r i e s  w hich a r e  c h a r a c te r iz e d  a s  drowned r i v e r - v a l l e y  system s 
t h a t  d r a in  i n t o  th e  C hesapeake Bay (F ig u re  2 ) .  The f l u v i a l  re a c h e s  
o f  th e  Rappahannock d ra in  b o th  th e  Piedm ont and C o a s ta l  P la in  p h y s io ­
g ra p h ic  p ro v in c e s  w h ile  th e  e s tu a r in e  re a c h e s  d r a in  o n ly  th e  C o a s ta l  
P la in .  The r i v e r  t r e n d s  in  a  n o r th w e s t t o  s o u th e a s t  d i r e c t i o n .  R iv e r 
le n g th  i s  a p p ro x im a te ly  295 km (184 m ile s )  and th e  d ra in a g e  b a s in  
c o v e rs  an a re a  o f  7032 km2 (2,7-15 m i2 ) w hich a cc o u n ts  f o r  a p p ro x im a te ly  
6.8% o f  V i r g i n i a ’ s t o t a l  a r e a  (U n ited  S ta te s  G e o lo g ic a l S u rvey , 1978). 
The Rappahannock i s  b o rd e re d  by th e  Potom ac R iv e r t o  th e  n o r th  and th e  
P ia n k a ta n k , York and Jam es R iv e rs  t o  th e  s o u th .
The Rappahannock R iv e r -E s tu a ry  i s  chosen  f o r  t h i s  s tu d y  s in c e  i t  
i s  a  r e l a t i v e l y  lo n g , s t r a i g h t , fu n n e l-s h a p e d  e s tu a r y  t h a t  i s  in  an 
e s s e n t i a l l y  p r i s t i n e  s t a t e .  The r i v e r  h as n o t been e x te n s iv e ly  m odi­
f i e d  by m a jo r dams and o n ly  m ino r ch an n e l d re d g in g  h as been  done, 
p r im a r i l y  in  th e  u p p e r r i v e r ,  in  o rd e r  to  m a in ta in  n a v i g a b i l i t y .  The 
Corrotom an R iv e r (1 8 .5  km from  th e  mouth a t  W indm ill P o in t)  i s  th e  o n ly  
m a jo r s u b - t r i b u t a r y  d r a in in g  in to  th e  Rappahannock; o th e rw is e , o n ly  
s m a l le r  t i d a l  c re e k s  a re  o p e r a t iv e  a lo n g  i t s  re a c h e s .  In  a d d i t io n ,
8
9F ig u re  2a . Map o f  th e  C hesapeake Bay R egion.
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F ig u re  2b. L o c a tio n  map o f  th e  Rappahannock R iv e r b a s in  in  V i r g in i a .
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i t s  r i v e r  flow  and sed im en t d is c h a rg e  a re  m o n ito red  a t  a  number o f  
p o i n t s ,  p a r t i c u l a r l y  a t  Rem ington and F re d e r ic k s b u rg ,  by th e  U n ited  
S ta te s  G e o lo g ic a l S u rv ey .
Rappahannock R iv e r  -  G eology
The g eo lo g y  o f  th e  Rappahannock R iv e r h as  been  r e c e n t ly  i n v e s t i ­
g a te d  by W.L. N ew ell and E. R ader (1982, in  p r e s s ) .  Dr. N ew ell was k in d  
enough t o  d is c u s s  h i s  f in d in g s  ( v ia  P e rs o n a l C o m m unications), and h i s  
in fo rm a tio n  w i l l  be p r e s e n te d  in  a g e n e r a l iz e d  scheme f o r  th e  p u rp o se  
o f  r e l a t i n g  th e  e f f e c t s  o f  th e  lo c a l  g eo logy  on th e  d i s t r i b u t i o n  o f  sand  
w ith in  th e  r i v e r - e s t u a r y  sy stem .
The g eo lo g y  su rro u n d in g  th e  Rappahannock R iv e r -E s tu a ry  i s  g e n e r a l ly  
d e s c r ib e d  in  te rm s o f  th r e e  d e p o s i t io n a l  en v iro n m e n ts :
1 .)  Q u a te rn a ry  f l u v i a l  t e r r a c e s .  i
2 . )  Q u a te rn a ry  r e s t r i c t e d  e s tu a r y  d e p o s i t s  (rew orked t e r r a c e s  
and m arin e  s i l t s  and c l a y s ) .
3 . )  T e r t i a r y  m arin e  d e p o s i t s  u n d e r ly in g  u p la n d s  composed o f  
n e a r s h o re  m arin e  and f l u v i a l  s e d im e n ts .
F ig u re  3 shows a g e n e r a l iz e d  d e p ic t io n  o f  th e  b a s ic  g e o lo g ic a l  
fram ew ork s u rro u n d in g  th e  Rappahannock R iv e r -E s tu a ry . The sed im en ta ry  
d e p o s i t s  f la n k in g  th e  u p p e r r i v e r  w ith in  th e  Piedm ont p ro v in c e , above th e  
f a l l  l i n e  a t  F re d e r ic k s b u rg ,  V i r g in i a ,  a re  d e s c r ib e d  as Q u a te rn a ry  
f l u v i a l  t e r r a c e s  u n d e r la in  by low er C re ta c e o u s  d e p o s i t s .  The p re s e n t  
day r i v e r  ch an n e l sed im en ts  in  th e  u p p e r re a c h e s  o f  th e  r i v e r  from th e  
Piedm ont down in to  th e  c o a s t a l  p la in  t o  th e  p ro x im ity  o f  S k in k e rs  Neck 
a re  an a lo g o u s  t o  th e  e a r l i e r  t e r r a c e  d e p o s i t s  in  t h i s  a re a  and a re  
r e p r e s e n ta t i v e  o f  th e  se d im e n ta ry  m a te r ia l  a c t i v e l y  t r a n s p o r t e d  o u t o f  
th e  Piedm ont re a c h e s  and i n t o  th e  c o a s ta l  p l a in  re a c h e s .
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F ig u re  3. S u rro u n d in g  g eo lo g y  o f  t h e  Rappahannock R iv e r - E s tu a r y  
System , V i r g i n i a .
15
16
From S k in k e rs  Neck down i n t o  t h e  low er e s t u a r i n e  r e a c h e s ,  sub­
a e r i a l  ly  exposed  s e d im e n ta ry  m a t e r i a l  d i r e c t l y  f l a n k in g  th e  r i v e r  i s  
d e r iv e d  from a  complex a r r a y  o f  s o u rc e s  depend ing  upon t h e  r e l a t i v e  
e l e v a t i o n s  o f  t h e  m a t e r i a l  above mean s e a  l e v e l .  U pland se d im e n ta ry  
m a t e r i a l s  (> 35 f t  (10 m) c o n to u r )  d i r e c t l y  o u tc ro p p in g  a lo n g  th e  f l a n k s  
o f  t h e  r i v e r  a t  Rock C reek  T urn , Horse Head P o in t  and Fones C l i f f s  a r e  
composed o f  T e r t i a r y  f l u v i a l  d e p o s i t s  u n d e r l a in  by T e r t i a r y  n e a r s h o r e  
m arin e  and m ar in e  d e p o s i t s .  These d e p o s i t s  a r e  a s s o c i a t e d  w i th  th e  
Nanjemoy, A qu ia , C a l v e r t  and Choptank f o r m a t io n s .
S ed im en ta ry  m a t e r i a l  f l a n k i n g  t h e  Rappahannock R iv e r  a t  low er e l e ­
v a t i o n s  (20-35 f t  (6 -10  m) c o n to u r s )  i s  d e s c r ib e d  a s  r e s t r i c t e d  e s tu a r y  
l a t e  Q u a te rn a ry  t e r r a c e  d e p o s i t s  composed o f  rew orked  m arin e  s i l t s  and 
c l a y s .  The te rm  r e s t r i c t e d  e s t u a r y  i s  u sed  in  t h e  s e n se  t h a t  t h e s e  
p r o t o - e s t u a r i n e  d e p o s i t s  were c o n f in e d  t o  t h e  s a l t -w e d g e  zone.
U n c o n so l id a te d  T e r t i a r y  f a s t  la n d  sed im en ts  t h a t  a r e  in  d i r e c t  con­
t a c t  w i th  t h e  r i v e r  a lo n g  r e a c h e s  such  as Rock Creek T urn , Horse Head 
P o in t  and Fones C l i f f s  a r e  i n  a c o n s ta n t  s t a t e  o f  d e n u d a t io n .  Conse­
q u e n t ly ,  t h i s  s e d im e n ta ry  m a t e r i a l  i s  c o n t i n u a l l y  b e in g  in t r o d u c e d  i n t o  
th e  r i v e r ' s  a c t i v e  t r a n s p o r t  system  a lo n g  w i th  t h e  n a t i v e  sed im en ts  
occupy ing  t h e s e  r e a c h e s .  T h e r e f o r e ,  th e  s e d im e n ta ry  m a t e r i a l  co m p ris in g  
t h e s e  b l u f f s  must be c o n s id e re d  as  a v i a b l e  so u rc e  o f  s a n d - s i z e d  
sed im en t t o  t h e  r i v e r - e s t u a r y ' s  a c t i v e  t r a n s p o r t  system .
C l a s s i f i c a t i o n  and H y d ro lo g ic a l  C h a r a c t e r i s t i c s
t
The Rappahannock E s tu a r y  i s  c l a s s i f i e d  as  a m o d e ra te ly  s t r a t i f i e d ,  
p a r t i a l l y - m i x e d ,  ty p e  B, e s t u a r y  u n d e r  P r i t c h a r d ’s (1967) c l a s s i f i c a t i o n  
scheme. During p e r i o d i c  h ig h  f r e s h w a te r  i n f lo w s ,  t h e  e s t u a r y  re sp o n d s
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by an i n c r e a s e  in  s t r a t i f i c a t i o n  and may t r a n s f o r m  i n t o  a  h i g h ly  s t r a t i ­
f i e d ,  sa l t -w ed g e *  ty p e  A, f lo w  reg im e . Once t h e  e s t u a r y  r e c o v e r s  from 
such  an e v e n t ,  i t  t h e n  r e v e r t s  back  t o  i t s  av e rag e  m o d e ra te ly  s t r a t i f i e d  
f lo w  reg im e (N ic h o ls ,  1977; 1981).
T i d a l  C h a r a c t e r i s t i c s
The mean t i d a l  ra n g e  a t  t h e  mouth o f  t h e  Rappahannock R iv e r  (W indmill 
P o in t )  i s  36 cm. In  t h e  p r o x im i ty  o f  th e  a v e rag e  p o s i t i o n  o f  t h e  head  
o f  t h e  e s t u a r y  a t  Tappahannock (69 km from th e  m o u th ) , t h e  t i d a l  ra n g e  
i s  51 cm. F re sh w a te r  r e a c h e s  above Tappahannock a r e  t i d a l l y  i n f lu e n c e d  
up t o  F r e d e r ic k s b u r g  (172 km from th e  mouth) which has  a t i d a l  ra n g e  o f  
85 cm. S p r in g  t i d a l  ra n g e s  a r e  45 cm a t  th e  m outh, 58 cm a t  Tappahannock 
and 97 cm a t  F r e d e r ic k s b u r g  (N a t io n a l  Ocean Survey , 1982).
The Rappahannock R iv e r  i s  t i d a l l y  c l a s s i f i e d  a s  m a in ly  s e m id iu r n a l .  
H icks (1964) has  shown t h a t  t h e r e  i s  a  s l i g h t  i n d i c a t i o n  o f  t i d a l  
i n e q u a l i t i e s  w i th in  t h e  low er p o r t i o n s  o f  t h e  Rappahannock R iv e r .  Based 
on t h e  r a t i o  o f  t h e  sum o f  t h e  a m p l i tu d e s  o f  t h e  m a jo r  d i u r n a l  c o n s t i t ­
u e n ts  (K1 and Oj) t o  th e  sum o f  th e  a m p l i tu d e s  o f  t h e  m a jo r  s e m id iu rn a l  
c o n s t i t u e n t s  (M2 and S2 ) ,  a  v a lu e  o f  0 .266  i s  o b ta in e d  a t  t h e  r i v e r  
mouth (W indmill P o i n t ) .  T h is  v a lu e  f a l l s  i n t o  t h e  m ixed , m a in ly  sem i­
d i u r n a l  ty p e  c l a s s i f i c a t i o n  o f  H icks  (a  r a t i o  o f  0 .25  t o  1 .5  i s  
c h a r a c t e r i z e d  as  m ixed , m a in ly  s e m i d iu r n a l ) .  Thus, a l th o u g h  t h e  t i d a l  
c l a s s i f i c a t i o n  o f  t h e  Rappahannock i s  m a in ly  s e m id iu r n a l ,  t h e r e  i s  
e v id e n c e  t h a t  a  s l i g h t  t i d a l  i n e q u a l i t y  does e x i s t .
T id a l  C u r re n t  V e l o c i t i e s
T i d a l  c u r r e n t  v e l o c i t i e s  w i th in  t h e  Rappahannock E s tu a ry  t y p i c a l l y  
r a n g e  from 10 cm /sec  t o  40 cm /sec  f o r  b o th  t h e  f lo o d  and ebb p h a s e s .
18
T i d a l  c u r r e n t  v e l o c i t i e s  may v a ry  a lo n g  t h e  l e n g th  o f  t h e  e s t u a r y ,  
depend ing  on t h e  r a t e s  o f  r i v e r  d i s c h a r g e  and t h e  p h a se  o f  t h e  t i d e  i n  
o r d e r  t o  m a in ta in  a  c o n t i n u i t y  o f  f lo w . D uring  a v e ra g e  f low  c o n d i t i o n s ,  
t h e r e  i s  a  n e t  n o n - t i d a l  c i r c u l a t i o n  in  t h e  Rappahannock E s tu a ry .  T h is  
c i r c u l a t i o n  f o l lo w s  a  tw o - la y e r e d  b i - d i r e c t i o n a l  f lo w  p a t t e r n  w i th  a 
n e t - s e a w a r d  s u r f a c e  f low  and a  n e t - la n d w a r d  bo ttom  f lo w . The n e a r ­
s u r f a c e  mean n o n - t i d a l  v e l o c i t y  i s  t y p i c a l l y  on t h e  o r d e r  o f  m ag n itu d e  
o f  a ro u n d  1 .5  cm /sec seaw ard , w h i le  t h e  r e t u r n  n e a r -b o t to m  mean non- 
t i d a l  v e l o c i t y  i s  on t h e  o r d e r  o f  m ag n itu d e  o f  a round  4 .5  cm /sec  
landw ard .
D uring  p e r i o d i c  h ig h  f r e s h w a te r  in f lo w s  t o  t h e  e s t u a r y ,  b i ­
d i r e c t i o n a l  c i r c u l a t i o n  p a t t e r n s  a r e  d i s r u p t e d  w ith  c e r t a i n  p o r t i o n s  
o f  t h e  e s t u a r y ,  depend ing  upon t h e  m agn itude  o f  t h e  f lo o d in g  e v e n t .
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D uring O p e ra t io n  HIFLO (1 9 7 8 ) ,  n e a r  bo ttom  n e t - v e l o c i t i e s  q u ic k ly  
changed d i r e c t i o n  from landw ard  t o  seaw ard  a t  t h e  head  o f  t h e  e s t u a r y  
and ebb flow  a c c e l e r a t e d .  C o n se q u e n t ly ,  h ig h  f r e s h w a te r  in f lo w  
changed t h e  c i r c u l a t i o n  p a t t e r n  a t  t h e  head  o f  th e  e s t u a r y  from a 
tw o - la y e r e d  e s t u a r i n e  c i r c u l a t i o n  t o  a  seaw ard r i v e r - t y p e  c i r c u l a t i o n  
a t  a l l  d e p th s .  T i d a l  c u r r e n t  v e l o c i t i e s  were r e c o rd e d  as  h ig h  a s  
76 cm /sec  a t  t h e  s u r f a c e  and 54 cm /sec  n e a r  t h e  bo ttom  o v e r  t h e  lo n g e r  
d u r a t i o n  ebb p h a se .  Average c u r r e n t  v e l o c i t i e s  d u r in g  O p e ra t io n  HIFLO 
ran g e d  from 58 cm /sec o v e r  t h e  ebb p h a se  and 31 cm /sec  o v e r  t h e  
s h o r t e r  d u r a t io n  f lo o d  p h a se .
R iv e r  D isch a rg e
Stream  gag in g  s t a t i o n s  l o c a t e d  on t h e  Rappahannock R iv e r ,  which 
m easu re  f lo w  d i s c h a r g e  r a t e s  a s  w e l l  a s  suspended  sed im en t c o n c e n t r a t i o n s
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on a d a i l y  b a s i s  a r e  m a in ta in e d  by th e  U n i te d  S t a t e s  G e o lo g ic a l  Survey . 
These s t re a m  g ag in g  s t a t i o n s  a r e  l o c a t e d  a t  Remington (215 km from t h e  
mouth) and F r e d e r i c k s b u r g ,  V i r g i n i a  (172 km from th e  m outh) .
At Rem ington, V i r g i n i a ,  a v e ra g e  r i v e r  d i s c h a r g e  o v e r  th e  p a s t  36 
y e a r s  i s  18 .80  m3/ s e c  (369 m m /yr); t h e  maximum d i s c h a r g e  re c o rd e d  i s  
2 ,5 0 0  m3/ s e c  on O c to b e r  16, 1942; and a minimum d i s c h a r g e  o f  .079 m3/ s e c  
on Septem ber 13, 1966. Peak f lo o d  d i s c h a r g e  r a t e s  m easured  d u r in g  
O p e ra t io n  HIFLO from March 2 6 -2 9 , 1978 a v e ra g e d  87 .23  m3/ s e c  w i th  a 
maximum f lo o d  d i s c h a r g e  r a t e  o f  128 .8  m3/ s e c  o c c u r r in g  on March 27,
1978 a t  F r e d e r i c k s b u r g ,  V i r g i n i a ;  a v e ra g e  r i v e r  d i s c h a r g e  o v e r  t h e  p a s t  
71 y e a r s  i s  46 .61  m3/ s e c  (356 m m /yr); t h e  maximum d i s c h a r g e  re c o rd e d  
i s  3 ,9 6 0  m3/ s e c  on O c to b er  16, 1942; and a minimum d i s c h a r g e  o f  0 .1 4  m3/  
s ec  on O c to b er  11, 1930. Peak f lo o d  d i s c h a r g e  r a t e s  m easured  d u r in g  
O p e ra t io n  HIFLO from March 26 -2 9 , 1978 av e rag e d  200 m3 / s e c  w i th  a 
maximum f lo o d  d i s c h a r g e  r a t e  o f  325 .68  m3/ s e c  o c c u r r in g  on March 27,
1978 (U n ited  S t a t e s  G e o lo g ic a l  S u rvey , 1977-1980).
Suspended Sedim ent D isch a rg e
Suspended sed im en t m easurem ents  a r e  r e c o rd e d  on a d a i l y  b a s i s  a t  
s t re a m  g ag in g  s t a t i o n s  a lo n g  t h e  Rappahannock R iv e r  a t  Remington and 
F r e d e r i c k s b u r g ,  V i r g i n i a .  At Rem ington, V i r g i n i a ,  t h e  maximum re c o rd e d  
d a i l y  suspended  sed im en t lo a d  ( th e  q u a n t i t y  o f  suspended  sed im en t 
p a s s in g  a s e c t i o n  in  a  s p e c i f i c  p e r io d )  was 5 5 ,600  to n s  on Septem ber 
26, 1975 and a minimum d a i l y  lo a d  o f  .21 to n s  on Septem ber 12, 1978.
The t o t a l  su sp en d ed  sed im en t lo ad  f o r  t h e  y e a r  1977-1978 was 1 8 6 ,026 .98  
t o n s ,  1978-1979 was 2 5 3 ,3 2 7 .2 0  to n s  and 1979-1980 was 1 0 1 ,9 2 6 .4 0  t o n s .  
D uring  O p e ra t io n  HIFLO, one o f  f i v e  h ig h  r u n o f f  e v e n ts  d u r in g  1977-1978
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sed im en t i n f l u x  r e a c h e d  4 ,8 0 0  t o n s / d a y  a t  Remington o r  abou t 10 t im e s  
t h e  d a i l y  a v e ra g e .
At F r e d e r i c k s b u r g ,  V i r g i n i a ,  maximum r a t e s  o f  su spended  sed im en t 
d i s c h a r g e  ( th e  r a t e  a t  which d ry  w e ig h t o f  sed im en t p a s s e s  a  s e c t i o n  
o f  s t re am )  f o r  1977-1978 o c c u r r e d  d u r in g  O p e ra t io n  HIFLO from March 
2 6 -2 9 , 1978 where peak  suspended  sed im en t i n f l u x  t o  t h e  e s t u a r y  head 
had re a c h e d  12 ,300 t o n s / d a y  o v e r  t h e  4 days o f  peak  f r e s h w a te r  in f lo w .  
For 1978-1979, peak  su sp en d ed  sed im en t i n f l u x  o c c u r re d  a round  March 
27, 1979 w ith  v a lu e s  r a n g in g  a round  2 ,690  to n s / d a y .  For 1979-1980, 
h i g h e s t  v a lu e s  o f  su spended  sed im en t d i s c h a r g e  o c c u r re d  d u r in g  e a r l y  
O c to b e r ,  1979 w i th  v a lu e s  r a n g in g  a round  648 to n s / d a y  (U n ited  S t a t e s  
G e o lo g ic a l  S u rvey , 1978; 1979; 1980).
S a l i n i t y  C h a r a c t e r i s t i c s
S a l i n i t y  d a t a  in  t h e  Rappahannock R iv e r  from 1977-1980, c o l l e c t e d  
by th e  V i r g i n i a  I n s t i t u t e  o f  M arine  S c ien ce  s l a c k  w a te r  sam pling  s u r ­
v e y s ,  show t h a t  d u r in g  th e  s p r in g  and e a r l y  f a l l ,  s a l i n i t y  v a lu e s  a t  
t h e  mouth o f  th e  Rappahannock R iv e r  ( a t  W indm ill P o in t )  r a n g e  from 
1 2 -1 4 ° /o o  a t  t h e  s u r f a c e  and 1 5 -1 7 ° /o o  a t  t h e  bo ttom  w i th  a d ep th  
av e rag e d  s a l i n i t y  o f  1 4 „5 ° /o o .  Maximum re c o rd e d  d e p th  a v e rag e d  
s a l i n i t y  w i th in  t h i s  p e r i o d  was 1 9 .5 7 ° /o o  on Septem ber 15, 1980 which 
c o r re sp o n d s  t o  an e x t re m e ly  d ry  summer o f  t h a t  y e a r .
Both s u r f a c e  and bo ttom  s a l i n i t y  v a lu e s  g r a d u a l l y  d e c r e a s e  w ith  
d i s t a n c e  u p s tre a m  from th e  m outh, and d u r in g  a v e ra g e  flow  c o n d i t i o n s ,  
th e  l ° / o o  i s o h a l i n e  i s  u s u a l l y  l o c a t e d  in  t h e  p r o x im i ty  o f  Tappahannock, 
V i r g i n i a ,  which i s  69 km from t h e  mouth. D uring  e x t re m e ly  d ry  sea so n s  
such  as t h e  summer o f  1980, when r i v e r  d i s c h a r g e  r a t e s  were v e ry  low, 
t h e  l ° / o o  i s o h a l i n e  can be l o c a t e d  a s  f a r  as  115 km u p s tream  from th e
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mouth n e a r  P o r t  R oyal, V i r g i n i a  (126 km from th e  m o u th ) .  D uring  p e r i ­
o d ic  h ig h  f r e s h w a t e r  in f l o w s ,  which can o ccu r  up t o  5 t im e s  a y e a r ,  t h e  
s a l t  wedge can be d i s p l a c e d  in  a  seaw ard  d i r e c t i o n .  F i e l d  o b s e r v a t io n s  
d u r in g  such  an ev en t  (O p e ra t io n  HIFLO) i n d i c a t e  t h a t  d u r in g  maximum 
s t r a t i f i c a t i o n  on March 30, 1978, t h e  l ° / o o  s u r f a c e  s a l i n i t y  was d i s ­
p la c e d  13 km seaw ard , from i t s  2 1 -y e a r  av e rag e  p o s i t i o n  o f  72 km from 
th e  mouth t o  59 km from th e  mouth (N ic h o ls ,  e t  a l . ,  1981).
H y d ro g rap h ic  Z o n a tio n
For t h e  p u rp o se  o f  t h i s  s tu d y ,  t h e  Rappahannock R iv e r - E s tu a r y  i s  
d iv id e d  i n t o  t h r e e  h y d ro g r a p h ic  z o n es .  The e x t e n t  o f  t h e s e  zones a r e  
b a se d  upon th e  d i s t r i b u t i o n  o f  d e p th  av e rag ed  s a l i n i t y  d i s t r i b u t i o n  as  
d e te rm in e d  from b o th  lo n g - te rm  d a t a ,  2 1 -y e a r  a v e rag e  o f  t h e  l o c a t i o n  
o f  t h e  l ° / o o  i s o h a l i n e ,  and s h o r t - t e r m  d a t a ;  s a l i n i t y  m easurem ents  from 
1978-1980 ( c o l l e c t e d  by t h e  V i r g i n i a  I n s t i t u t e  o f  M arine S c ie n c e ) .  The 
zo n a l  b o u n d a r ie s ,  f o r  p u rp o s e s  o f  s i m p l i f i c a t i o n ,  a r e  a s s o c i a t e d  w i th  
i d e n t i f i a b l e  landm arks which a re  in  c lo s e  p r o x im i ty  t o  t h e  a c t u a l  
s a l i n i t y  b o u n d a r ie s .  Thus, t h e  t h r e e  h y d ro g ra p h ic  zones a r e :
1 . )  E s tu a r y  Zone: from th e  mouth a t  W indm ill P o in t  t o
Tappahannock, V i r g i n i a  (69 km from th e  m outh ) .
2 . )  R iv e r - E s tu a r y  T r a n s i t i o n  Zone: from Tappahannock,
V i r g i n i a  t o  P o r t  R oyal, V i r g i n i a  (126 km from t h e  
m o u th ) .
3 . )  R iv e r  Zone: from P o r t  R oy a l ,  V i r g i n i a  t o  th e  Rappahannock
head  w a te r s  w i th in  t h e  Piedm ont (240 km from th e  m outh ) .
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F a s t  la n d  E ro s io n  R a tes  W ith in  th e  Rappahannock R iv e r
In  t h e  e s t u a r i e s  o f  V i r g i n i a ,  s h o r e l i n e  e r o s io n  i s  a c o n t in u in g  
g e o l o g i c a l  p r o c e s s  w hich h a s  been  o p e r a t i n g  f o r  th o u sa n d s  o f  y e a r s .  
A c c e le r a t e d  e r o s io n  o f  t h e  f a s t  la n d s  s u r ro u n d in g  t h e s e  e s t u a r i e s  has  
been  a t t r i b u t e d  t o  t h e  g ra d u a l  r i s e  in  s e a  l e v e l  c au sed  by t h e  waning 
o f  g l a c i a l  i c e  s h e e t s .  E ro s io n  r a t e s  e x p e r ie n c e d  in  t h e  Rappahannock 
R iv e r  a r e  on t h e  same o r d e r  o f  m agn itude  a s  t h e  su r ro u n d in g  e s t u a r i e s  
( i . e .  Jam es, York and Potomac) and a r e  s l i g h t l y  g r e a t e r  th a n  t h e  s h o r e ­
l i n e  e r o s io n  r a t e s  o f  t h e  Chesapeake Bay p r o p e r  (Hardaway and A nderson , 
1981).
S h o r e l in e  e r o s io n  r a t e s  w i th in  t h e  Rappahannock R iv e r  ra n g e  from 
- 0 . 3  t o  - 0 . 6  m /y r  ( - 1 . 0  t o  - 2 . 0  f t / y r ) .  The a v e rag e  r a t e  o f  e r o s io n  
a lo n g  th e  n o r t h  s i d e  o f  t h e  r i v e r  i s  -0 .1 8  m /y r .  The av e rag e  r a t e  o f  
e r o s io n  a lo n g  th e  s o u th  s id e  o f  t h e  r i v e r  i s  s l i g h t l y  g r e a t e r  a t  - 0 .3  
m /y r  (Hardaway and A nderson , 1981). E ro s io n  r a t e s  a lo n g  b l u f f e d  
r e a c h e s  o f  t h e  r i v e r  a s  w e l l  as  c e r t a i n  p o r t i o n s  o f  t h e  s h o r e l i n e  
a lo n g  th e  m id d le  and low er r e a c h e s  o f  th e  e s t u a r y  may exceed  - 0 .6  m /y r  
(Hardaway and A nderson , 1981; Byrne and A nderson , 1977).
II. STATEMENT OF PROBLEMS REQUIRING INVESTIGATION
In  o r d e r  t o  p r o p e r l y  e v a l u a t e  t h e  r e s e a r c h  o b j e c t i v e s  o f  t h i s  
i n v e s t i g a t i o n ,  i n h e r e n t  c e n t r a l  p rob lem s must be a d d re s s e d .
1 . )  I s  r i v e r - b o r n e  s a n d - s i z e d  sed im en t d e r iv e d  from landw ard  
p ro v e n a n ce s  o f  t h e  u p p e r  r e a c h e s  o f  th e  Rappahannock 
R iv e r  a c t i v e l y  t r a n s p o r t e d  downstream and u l t i m a t e l y  
d e l i v e r e d  and d i s p e r s e d  w i th in  t h e  e s t u a r i n e  sed im en t 
reg im e?
2 . )  I f  i t  i s  g e n e r a l l y  t r u e  t h a t  r i v e r - b o r n e  san d s  a r e  
i n h i b i t e d  from f u r t h e r  downstream t r a n s p o r t  p a s s  t h e  
s a l t  i n t r u s i o n  d u r in g  a v e ra g e ,  p a r t i a l l y - m i x e d  
e s t u a r i n e  c i r c u l a t i o n  p a t t e r n s ,  do p e r i o d i c  h ig h  
f r e s h w a te r  in f lo w s  t o  t h e  e s t u a r y  p r o v id e  a  p l a u s i b l e  
t r a n s p o r t  mechanism t o  move r i v e r - b o r n e  sands  i n t o  
t h e  e s t u a r i n e  sed im en t reg im e?
3 . )  What a r e  t h e  p o t e n t i a l  pathw ays t h a t  e x i s t  w i th in  
t h e  r i v e r - e s t u a r y 1s a c t i v e  t r a n s p o r t  system  which 
a r e  c a p a b le  o f  t r a n s p o r t i n g  and d i s p e r s i n g  r i v e r -  
b o rn e  s a n d - s i z e d  sed im en t i n t o  and w i th in  t h e  
e s t u a r i n e  sed im en t reg im e?
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III. FIELD INVESTIGATIONS
Sedim ent Sam pling
One hundred  and s i x t y - o n e  b o tto m  sed im en t sam ples were a c q u i r e d  from 
t h e  Rappahannock R iv e r - E s tu a r y  from th e  f a l l  l i n e  a t  F r e d e r i c k s b u r g  t o  
j u s t  o u t s i d e  t h e  r i v e r  mouth a t  W indm ill P o in t  (F ig u re  4 ) .  Sampling 
p e r i o d s  o c c u r re d  d u r in g  t h e  summer and f a l l  o f  1980 and t h e  s p r in g  and 
summer o f  1981. The b o tto m  sed im en t s u r f a c e  sam pling  was im plem ented 
v i a  p o r t a b l e  h a n d - g r a b s ,  S m ith -M c ln ty re  s u r f a c e  g ra b s  and 12 box c o re  
s t a t i o n s  (65 cm d e p th  o f  p e n e t r a t i o n ) . W ater d e p th s  a t  each  sam pling  
l o c a t i o n  were r e c o rd e d  by c a l i b r a t e d  le a d  l i n e  and e l e c t r o n i c  f a th o m e te r  
r e a d i n g s .  Sample s t a t i o n  l o c a t i o n s  were re c o rd e d  by dead  re c k o n in g ,
Loran C and l a t i t u d e - l o n g i t u d e .
The bo ttom  sed im en t sam p lin g  scheme was d ev e lo p ed  in  o r d e r  t o  
d e te rm in e  t h e  t e x t u r a l  c o m p o s i t io n  o f  bo ttom  sed im en ts  and t o  e v a lu a t e  
t h e  r e l a t i v e  d i s t r i b u t i o n _o f  sand  w i th in  t h e  Rappahannock R iv e r - E s tu a r y  
sy s tem . Bottom s u r f a c e  s ed im en ts  were  c o l l e c t e d  in  two f a s h i o n s :
1 . )  L a t e r a l  ( c r o s s - s e c t i o n a l )  sam p lin g .
2 . )  Spot sam p lin g .
T h i r t y - e i g h t  c r o s s - s e c t i o n a l  sam pling  s t a t i o n s  (115 sam ples)  were 
e s t a b l i s h e d  from F r e d e r ic k s b u r g  (172 km from th e  mouth) d o w n riv e r  t o  
M o r a t t i c o  (46 km from th e  m outh ) .  The a v e rag e  d i s t a n c e  betw een c r o s s -  
s e c t i o n s  was 2. 5 km w i th in  t h e  r i v e r i n e  zone, 5 km w i th in  t h e  r i v e r - e s t u a r y  
t r a n s i t i o n  zone and 8 .0  km w i th in  t h e  e s t u a r y .  At each  c r o s s - s e c t i o n
24
25
F ig u re  4. Sedim ent sam pling  l o c a t i o n s  in  t h e  Rappahannock R iv e r - E s tu a r y  
System.
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s t a t i o n ,  sed im en t  s am p l in g  began  on th e  s o u th  s i d e  o f  t h e  r i v e r ,  moved 
i n t o  t h e  c h an n e l  and th e n  o n to  t h e  n o r t h e r n  s i d e .  The sam ple f r e q u e n c y  
was u s u a l l y  d i c t a t e d  by t h e  w id th  o f  th e  r i v e r  a t  a  p a r t i c u l a r  s t a t i o n .  
The sam ple  f r e q u e n c y  g e n e r a l l y  in c r e a s e d  w i th  an i n c r e a s e  in  r i v e r  
w id th .  U s u a l ly  t h r e e  t o  f o u r  b o ttom  sed im en t sam ples  w ere t a k e n  a c r o s s  
each  c r o s s - s e c t i o n  w i th in  t h e  r i v e r  and r i v e r - e s t u a r y  t r a n s i t i o n  zone. 
F iv e  t o  seven  sam ples  were t a k e n  a c r o s s  each  c r o s s - s e c t i o n  w i th in  t h e  
e s t u a r y  zone . A d d i t i o n a l  c r o s s - s e c t i o n a l  sam pling  s t a t i o n s  were 
e s t a b l i s h e d  where c u r r e n t  m e te r  a r r a y s  were d ep lo y ed  d u r in g  O p e ra t io n  
HIFLO ( j u s t  d o w n r iv e r  o f  t h e  Tappahannock B r id g e ) .  T h is  e n a b le d  th e  
t e x t u r a l  co m p o s i t io n  o f  t h e  bo tto m  s ed im en ts  a t  t h e  c u r r e n t  m ooring 
l o c a t i o n s  t o  be  d e te rm in e d .
Spot sam ples  o f  bo tto m  sed im en ts  were ta k e n  in  t h e  ch an n e l  as  
w e l l  a s  a lo n g  t h e  s h o a l s  in  betw een c r o s s - s e c t i o n  s t a t i o n  l o c a t i o n s .  
T h is  was done m a in ly  t o  d e te rm in e  t h e  s p a t i a l  d i s t r i b u t i o n  and con­
t i n u i t y  o f  s a n d - s i z e d  sed im en t betw een c r o s s - s e c t i o n  s t a t i o n s .  In  
a d d i t i o n ,  s i x t e e n  s p o t  sam ples  were ta k e n  from f a s t l a n d  b l u f f s  (sub -  
a e r i a l l y  exposed  .s e d im e n ta ry  fo r m a t io n s )  w hich d i r e c t l y  o u tc ro p p e d  
a lo n g  c e r t a i n  r e a c h e s  o f  t h e  r i v e r  such  a s  Rock Creek T urn , Horse Head 
P o in t  and Fones C l i f f s .  At t h e s e  l o c a t i o n s ,  v e r t i c a l  s p o t  sam ples 
were ta k e n  a t  8 f t  and 4 f t  up t h e  b l u f f  f a c e  as  w e l l  as  t h e  b l u f f  
b e a c h  m a t e r i a l  a t  t h e  f o o t  o f  t h e  b l u f f .  These sam ples were ta k e n  
so  t h a t  t h e  t e x t u r a l  c o m p o s i t io n  o f  t h e  f a s t  lan d  b l u f f  sed im en ts  
c o u ld  be d e te rm in e d .
G ra n u lo m e tr ic  A n a ly s is
Each sed im en t sam ple  i s  f i r s t  hom ogenized. A 50-gram a l i q u o t  i s  
th e n  removed from th e  hom ogenized sam ple f o r  a n a l y s i s .  Each sample
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i s  wet s i e v e d  a t  62pm (4<J>) t o  s e p a r a t e  t h e  s a n d - s i z e  f r a c t i o n .  P i p e t t e  
a n a l y s i s  i s  p e r fo rm ed  on t h e  r e s i d u a l  wash m a t e r i a l  in  o r d e r  t o  s e p a r a t e  
t h e  s i l t  (4<f> -  8c{>) and c la y  (> 8cf>) s i z e  f r a c t i o n s .  Each o f  t h e  t h r e e  
s i z e  f r a c t i o n s  a r e  th e n  o v e n - d r i e d  and w eighed. The p e r c e n t  com posi­
t i o n  o f  s a n d ,  s i l t  and c l a y  i s  d e te rm in e d  from t h e  f r a c t i o n e d  w e ig h t 
o f  t h e  c o n s t i t u e n t s .
Rappahannock R iv e r - E s tu a r y  Bottom Sedim ent T e x tu r a l  C h a r a c t e r i s t i c s
C hannel Bottom S edim ents
F ig u re  5 shows t h a t  t h e  c h an n e l  bo ttom  sed im en ts  c o n s i s t s  o f  t h r e e  
t e x t u r a l  t y p e s :  Cl) s a n d ,  (2) an ad m ix tu re  o f  c la y e y  sand  o r  c la y e y  
s i l t ,  and (3) s i l t y  c l a y .  F ig u r e  5a shows t h e  t e x t u r a l  d i s t r i b u t i o n  
o f  a l l  ch an n e l  bo tto m  sed im en t sam ples  w i th in  t h e  r i v e r - e s t u a r y  system . 
F ig u r e  5b i n d i c a t e s  t h a t  san d  i s  t h e  dom inant sed im en t ty p e  w i th in  t h e  
r i v e r  c h a n n e ls .  G ra v e l ,  v e r y  c o a r s e  and c o a r s e  sand  o c cu p ie d  t h e  r i v e r  
c h a n n e ls  n e a r  F r e d e r i c k s b u r g  and p r o g r e s s i v e l y  f i n e  downstream t o  a 
medium san d  n e a r  P o r t  R oyal. F ig u r e  5c shows t h a t  in  t h e  r i v e r - e s t u a r y  
t r a n s i t i o n  zone , ch an n e l  bo tto m  se d im e n ts  a r e  c h a r a c t e r i z e d  a s  admix­
t u r e s  o f  c la y e y  sand  o r  c la y e y  s i l t .  The c o a r s e r ,  c la y e y  sands  a r e  
t h e  dom inant s ed im en t ty p e  from P o r t  Royal down t o  Fones C l i f f s .
Medium t o  f i n e  sand  i s  c o n ta in e d  w i th in  t h e  sam ples  from t h e s e  r e a c h e s .  
C layey  s i l t s  c h a r a c t e r i z e  t h e  ch an n e l  bo ttom  sed im en ts  a p p ro a ch in g  t h e  
head  o f  t h e  e s t u a r y  from Fones C l i f f s  t o  Tappahannock. F in e  sand i s  
t h e  dom inant s a n d - s i z e  f r a c t i o n  c o n ta in e d  w i th in  t h e  sam ples  a lo n g  
t h i s  r e a c h .  F ig u r e  5d shows t h a t  in  t h e  e s t u a r y ,  ch an n e l  bo ttom  
se d im e n ts  a r e  c h a r a c t e r i z e d  as  s i l t y  c l a y  w i th  low p e r c e n ta g e s  o f  
s an d .  F in e  san d  t o  v e r y  f i n e  sand  a r e  c o n ta in e d  w i th in  t h e  e s tu a r y
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F ig u re  5. Sedim ent t e x t u r a l  co m p o s i t io n  and d i s t r i b u t i o n  o f  
Rappahannock C hannel bo ttom  s e d im e n ts .
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c h an n e l  s am p les .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  t h r e e  c h an n e l  sam­
p l e s  t a k e n  a t  t h e  mouth (RP158 and RP160) and j u s t  o u t s i d e  t h e  mouth 
(RP161) show a c o a r s e n in g  i n t o  a  c la y e y  s i l t  sed im en t t y p e .
F l u v i a l  C h a n n e l-b a r s  and F la n k in g  S h o a ls
F ig u r e s  6 a - f  show t h e  d i s t r i b u t i o n  o f  bo tto m  sed im en t t e x t u r a l  
c h a r a c t e r i s t i c s  o f  t h e  f l u v i a l  c h a n n e l - b a r s  and t h e  n o r t h e r n  and 
s o u th e r n  s h o a l in g  a r e a s  w hich  f l a n k  t h e  r i v e r  and e s t u a r y ' s  c e n t r a l  
c h a n n e l .  I t  i s  p a r t i c u l a r l y  n o t i c e a b l e  t h a t  t h e  t e x t u r a l  d i s t r i b u t i o n  
o f  b o tto m  se d im e n ts  occupy ing  t h e  n o r t h e r n  f l a n k  a r e  v e r y  s i m i l a r  t o  
t h e  t e x t u r a l  d i s t r i b u t i o n  o f  b o tto m  s ed im en ts  occupy ing  t h e  s o u th e r n  
f l a n k  f o r  a l l  t h r e e  h y d ro g ra p h ic  zones .
F ig u r e s  6a -b  show t h e  d i s t r i b u t i o n  o f  bo ttom  sed im en t t e x t u r a l  
c h a r a c t e r i s t i c s  w i th in  t h e  r i v e r  zone f o r  t h e  n o r t h e r n  and s o u th e r n  
c h a n n e l - b a r s .  An i n t e r e s t i n g  d icho tom y a p p e a rs  t o  e x i s t  w i th in  t h e  
t e x t u r a l  d i s t r i b u t i o n  o f  t h e s e  sam p les .  The bo ttom  sed im e n ts  a r e  
c h a r a c t e r i z e d  e i t h e r  a s  san d  o r  s i l t y  c l a y  w i th  a  few sam ples  f a l l i n g  
i n t o  t h e  s a n d - s i l t - c l a y  a d m ix tu re s .  T h is  t r e n d  may be  a t t r i b u t e d  t o  
t h e  l o c a l  m orphology o f  t h e  f l u v i a l  m eanders  p r e s e n t  w i th in  t h i s  
zone and changes  in  t h e  momentum o f  r i v e r  f lo w  a s s o c i a t e d  w i th  m eander 
m orphology. An i n c r e a s e  in  f lo w  momentum on t h e  concave  o r  o u t s i d e  
o f  a  m eander bend would t e n d  t o  winnow f i n e  s e d im e n ts ,  h en ce  con d u c iv e  
t o  c o a r s e r - s i z e d  sed im en t d e p o s i t i o n .  A d e c r e a s e  in  t h e  f lo w  momentum 
on t h e  convex o r  i n s i d e  o f  a  m eander bend would be  co n d u c iv e  t o  t h e  
d e p o s i t i o n  o f  f i n e r  s ed im en ts  such  as  s i l t s  and c l a y s .  T h is  ty p e  o f  
s i t u a t i o n  would l e a d  t o  t h e  d e p o s i t i o n  o f  c o a r s e r  m a t e r i a l  (sand)
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on a c h a n n e l - b a r  l o c a t e d  c l o s e  t o  t h e  o u t s i d e  edge o f  a  m eander bend 
w h i le  d e p o s i t i o n  o f  f i n e r  m a t e r i a l  ( s i l t y  c l a y s )  may be a s s o c i a t e d  w i th  
a  c h a n n e l  b a r  l o c a t e d  c l o s e  t o  t h e  i n s i d e  edge o f  a  m eander bend.
F ig u r e s  6 b -c  show t h e  d i s t r i b u t i o n  o f  bo tto m  sed im en t t e x t u r a l  
c h a r a c t e r i s t i c s  o f  sam ples  from th e  n o r t h  and s o u th  s h o a l s  f l a n k i n g  t h e  
r i v e r  c h an n e l  w i th in  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone. N ear P o r t  
R oyal ,  sand  (> 75%) o c c u p ie s  b o th  t h e  n o r t h  and s o u th  f l a n k s  o f  th e  
r i v e r  c h a n n e l .  D ow nriver from  P o r t  R oy a l ,  t h e  bo ttom  sed im en ts  occupying  
t h e  w ide s h o a l i n g  a r e a s  f l a n k i n g  t h e  r i v e r  c h a n n e l  a t  N a n z a t ic o  Bay 
(n o r th e r n  f l a n k )  and P o r to b ag o  Bay ( s o u th e rn  f l a n k )  a r e  c h a r a c t e r i z e d  
a s  s i l t y  c l a y s .  A pproach ing  H orse  Head P o in t  where f a s t l a n d  b l u f f s  
f l a n k  t h e  r i v e r  ch an n e l  on t h e  n o r t h e r n  s i d e ,  t h e  t e x t u r a l  co m p o s i t io n  
o f  b o ttom  sed im en ts  m ark ed ly  c o a r s e n s  t o  sandy  c l a y  a t  D e v i l s  Elbow 
( s o u th e rn  f l a n k )  and H orse  Head P o in t  ( n o r th e r n  f l a n k ) . D ownriver from 
H orse Head P o in t  n e a r  B lin d  P o in t  and Leedstow n, t h e  t e x t u r a l  com posi­
t i o n  o f  t h e  bo tto m  sed im en ts  a lo n g  b o th  t h e  n o r t h e r n  and s o u th e r n  
f l a n k s  o f  t h e  r i v e r  c h an n e l  show a m arked f i n i n g  o f  sed im en t t e x t u r e  
i n t o  s i l t y  c l a y s .  A pproach ing  t h e  Fones C l i f f s  a r e a ,  where a g a in  
f a s t  la n d  b l u f f s  f l a n k  t h e  r i v e r  c h an n e l  on t h e  n o r t h e r n  s i d e ,  t h e  
t e x t u r a l  c o m p o s i t io n  o f  t h e  n o r t h e r n  s h o a l  c o a r s e n s  m ark ed ly  i n t o  
san d  ( B l a n d f i e l d  P o in t  and M u lb e r ry  P o in t )  w h i le  t h e  t e x t u r a l  com posi­
t i o n  o f  t h e  s o u th e r n  s h o a l  i s  c h a r a c t e r i z e d  a s  s i l t y  c l a y  down t o  
Tappahannock (Paynes I s l a n d ,  M u lb e rry  P o in t  and M allo ry s  P o i n t ) .
The t r e n d s  in  t e x t u r a l  c o m p o s i t io n  o f  t h e  s h o a l in g  a r e a s  f l a n k in g  
th e  r i v e r  ch an n e l  w i th in  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  p r e s e n t  im p o r ta n t  
e v id e n c e ;  a  m arked c o a r s e n in g  o f  s ed im en t t e x t u r e  w i th in  t h e  c lo s e  
p r o x im i ty  o f  H orse Head P o in t  and Fones C l i f f s  i n d i c a t e s  t h a t  t h e
33
f a s t l a n d  s e d im e n ta ry  o u tc r o p s  i n  t h e s e  a r e a s  a r e  a  p o t e n t i a l  s o u rc e  o f  
c o a r s e  sed im e n ts  (san d s  and g r a v e l s )  t o  t h e  r i v e r * s  a c t i v e  t r a n s p o r t  
sy s te m .
The t e x t u r a l  c o m p o s i t io n  o f  t h e  sam ples  removed from th e  sedim en­
t a r y  m a t e r i a l  composing t h e  b l u f f s  a t  H orse  Head P o in t  and Fones C l i f f s  
a r e  c h a r a c t e r i z e d  as  sandy  c l a y .  The b l u f f  b each  s e d im e n ta ry  m a t e r i a l  
a t  t h e  b a se  o f  t h e  b l u f f s  i s  c h a r a c t e r i z e d  as  s an d .  I t  m ust a l s o  be 
m en tio n e d  t h a t  b l u f f  and b l u f f  beach  sam ples  c o n ta in e d  from 1 .0  t o  
14% g r a v e l .
F ig u r e s  6 e - f  show t h e  d i s t r i b u t i o n  o f  b o ttom  sed im en t t e x t u r a l  
c h a r a c t e r i s t i c s  o f  sam ples  from  th e  n o r t h  and s o u th  s h o a l s  f l a n k i n g  
th e  c e n t r a l  c h an n e l  w i th in  t h e  e s t u a r y  zone from Tappahannock t o  
M o r a t t i c o  (46 km from th e  m outh}. S h o a l in g  a r e a s  w i th in  t h e  e s t u a r y  
a r e  much more e x t e n s iv e  b o th  l a t e r a l l y  and l o n g i t u d i n a l l y  due t o  a 
g r a d u a l  i n c r e a s e  i n  t h e  r i v e r - e s t u a r y * s  c r o s s - s e c t i o n a l  a r e a  from
3 .0  km n e a r  Tappahannock t o  5 .0  km n e a r  U rbanna (m id -e s tu a ry )  and t o  
6 .5  km a t  t h e  mouth o f  t h e  e s t u a r y  (W indmill P o i n t ) .
At Tappahannock, t h e  t e x t u r a l  co m p o s i t io n  o f  bo ttom  sed im en ts  on 
t h e  n o r t h e r n  s h o a l  a r e  c h a r a c t e r i z e d  a s  an ad m ix tu re  o f  s a n d ,  s i l t  and 
c la y  w h i le  t h e  s o u th e r n  s h o a l  i s  c h a r a c t e r i z e d  as  s i l t y  c l a y .  Down- 
e s t u a r y  from Tappahannock a t  Jo n e s  P o i n t ,  Wares W harf, and S harps  
(n e a r  M o r a t t i c o ) ,  a l a t e r a l  g r a d a t i o n a l  t r e n d  d e v e lo p s  on t h e  s h o a l in g  
a r e a s ,  p a r t i c u l a r l y  a lo n g  th e  n o r t h e r n  s h o a l .  In  t h e s e  a r e a s ,  sand  
g ra d e s  ou tw ard  to w ard s  t h e  ch an n e l  i n t o  s an d ,  s i l t ,  c l a y  o f  c la y e y  
san d  and s u b s e q u e n t ly  i n t o  s i l t y  c l a y  in  d e e p e r  w a te r .
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Figure 6 Sedim ent t e x t u r a l  c o m p o s i t io n  and d i s t r i b u t i o n  o f  th e  
n o r t h e r n  and s o u th e r n  s h o a l  s e d im e n ts .
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P e r c e n t  Sand C om posit ion  o f  Bottom Sedim ent Samples
F ig u r e  7 shows t h e  p e r c e n t  s an d  c o m p o s i t io n  (by w e ig h t ;  > 62y) 
v e r s u s  d i s t a n c e  from  t h e  mouth f o r  t h e  c h a n n e l  bo tto m  sed im e n ts  , r i v e r  
c h a n n e l - b a r s  and f l a n k i n g  s h o a l s .  A t h r e e - p o i n t  (15 km) running; mean 
i s  employed in  o r d e r  t o  smooth ou t t h e  t r e n d s  in  t h e  d a t a .
C hannel Bottom S ed im ents
F ig u r e  7a shows t h e  p e r c e n t  sand  c o m p o s i t io n  o f  t h e  ch an n e l  b o tto m  
se d im e n ts  v e r s u s  d i s t a n c e  from t h e  mouth w i th  a  c o r re s p o n d in g  t h r e e -  
p o i n t  (15 km) r u n n in g  mean su p er im p o sed  upon t h e  i n i t i a l  p e r c e n ta g e  
p l o t .  High p e r c e n t a g e s  o f  s an d  C65-98%; w i th  a  mean v a lu e  o f  86.3%) 
occupy t h e  c h a n n e l  b o ttom  w i th in  t h e  r i v e r  zone o f  t h e  Rappahannock 
from t h e  f a l l  l i n e  n e a r  F r e d e r i c k s b u r g  down t o  P o r t  R oyal ,  V i r g i n i a .
In  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone from P o r t  Royal t o  T ap p ah an n o ck ,- 
i n t e r e s t i n g  t r e n d s  d e v e lo p .  The p e r c e n ta g e  o f  sand  in  t h e  c h an n e l  
b o ttom  sed im e n ts  shows a m arked d e c r e a s e  from 90% a t  P o r t  Royal down 
t o  20% n e a r  P o r to b ag o  Bay. J u s t  d o w n r iv e r  from P o r to b ag o  Bay, a t  
D e v i ls  Elbow, t h e  p e r c e n ta g e  o f  san d  occupy ing  th e  c h an n e l  bo ttom  
d r a s t i c a l l y  i n c r e a s e s  from 20% (n e a r  P o r to b ag o  Bay) t o  72%. At Horse 
Head P o in t  where  t h e  f a s t  la n d  b l u f f s  f l a n k  t h e  n o r t h e r n  s i d e  o f  th e  
r i v e r ,  t h e  p e r c e n t a g e  o f  sand  in  t h e  ch an n e l  shows a f u r t h e r  i n c r e a s e  
t o  85%. D ow nriver from  H orse Head P o i n t ,  t h e  p e r c e n ta g e  o f  sand  
occupy ing  th e  r i v e r  ch an n e l  g r a d u a l l y  d e c r e a s e s  from 85% down t o  74% 
a t  B l in d  P o in t  and t o  37% a t  Leedstow n. D ow nriver from Leedstown, 
a p p ro a c h in g  Fones C l i f f s  w here , a g a in ,  f a s t  la n d  b l u f f s  o u tc ro p  on th e  
n o r t h e r n  f l a n k  o f  t h e  r i v e r  c h a n n e l ,  t h e  p e r c e n ta g e  o f  sand  occupy ing  
th e  r i v e r  c h an n e l  a lo n g  t h i s  r e a c h  a g a in  i n c r e a s e s  t o  70% n e a r
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B l a n d f i e l d  P o i n t .  D ow nriver from t h e  Fones C l i f f s  a r e a ,  a p p ro a ch in g  
t h e  head  o f  t h e  e s t u a r y ,  t h e  p e r c e n t a g e  o f  san d  d ro p s  t o  65% a t  
M u lb e rry  P o in t  and th e n  m ark ed ly  d e c r e a s e s  t o  21% a t  N a y lo rs  P o in t  
and Tappahannock.
W ith in  t h e  e s t u a r y ,  t h e  p e r c e n ta g e  o f  sand  o ccu p y in g  t h e  c e n t r a l  
c h a n n e l  o f  th e  e s t u a r y  i s  v a r i a b l e  (from 2-24% w i th  an a v e ra g e  v a lu e  o f  
7.1% ). H ig h e r  p e r c e n ta g e s  o f  sand  occupy ing  t h e  e s t u a r y  ch an n e l  o ccu r  
a t  t h e  h ead  o f  t h e  e s t u a r y  w i th  v a lu e s  o f  24% a t  Jo n e s  P o in t  and 21% 
a t  W e l l fo rd .  In  th e  m id d le  e s t u a r y ,  th e  c e n t r a l  c h a n n e l ' s  c r o s s -  
s e c t i o n a l  a r e a  g r a d u a l l y  i n c r e a s e s  in  w id th  to w a rd s  t h e  mouth from
1 .1  km a t  M o r a t t i c o  t o  3 .0  km a t  Urbanna and t o  3 .7  km a t  t h e  mouth.
The p e r c e n ta g e  o f  san d  v a r i e s  i n v e r s e l y  in  t h a t  i t  d e c r e a s e s  from 7% 
a t  S h a rp s  t o  1.0% a t  M o r a t t i c o  and t o  2.8% n e a r  Urbanna. The p e r c e n ta g e  
o f  s an d  o ccupy ing  t h e  low er e s t u a r y  c e n t r a l  ch an n e l  v a r i e s  from 4.3% 
a t  Towles P o in t  t o  19% a t  Greys P o in t  and 5% a t  M osquito  P o in t .  The 
c h a n n e l  o u t s i d e  th e  e s t u a r y  mouth a t  W indm ill P o in t  c o n ta i n s  6% sand .
R iv e r  C hannel Bars  and F la n k in g  S h o a ls
F ig u re  7b shows t h e  p e r c e n t a g e  o f  sand  c o m p ris in g  th e  b o ttom  s e d i ­
ment sam ples  o f  t h e  r i v e r  c h a n n e l - b a r s  and s h o a l in g  a r e a s  on th e  
n o r th w e s t e r n  and s o u t h e a s t e r n  f l a n k s  o f  t h e  r i v e r - e s t u a r y  c e n t r a l  
c h a n n e l .  F ig u re  7c shows t h e  t h r e e - p o i n t  (15 km) ru n n in g  mean an a lo g u e  
o f  F ig u r e  7b.
W ith in  t h e  r i v e r  zone, t h e  p e r c e n ta g e  o f  san d  c o n ta in e d  w i th in  
t h e  sed im e n ts  occupy ing  t h e  r i v e r , c h a n n e l - b a r s  show a wide ra n g e  o f  
v a r i a b i l i t y  from as  h ig h  as  90% c o m p o s i t io n  t o  as  low as 4%. Sed im ents  
on t h e  c h a n n e l - b a r s  l o c a t e d  n e a r  t h e  o u t s i d e  edge o f  a  m eander bend
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Figure 7 P e r c e n t  san d  c o m p o s i t io n  o f  b o ttom  se d im e n ts  w i th  d i s t a n c e  
from th e  mouth f o r  b o th  t h e  c h an n e l  bo tto m  sed im en ts  and 
th e  n o r t h e r n  and s o u th e r n  s h o a l  s e d im e n ts .
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c o n s i s t e n t l y  show h ig h  p e r c e n t a g e s  o f  sand  ( F r e d e r i c k s b u r g  b a r :  94% 
on n o r t h e r n  f l a n k ;  B ern a rd  Bar: 85% on s o u th e r n  f l a n k ;  Snowden B ar:
89% on s o u th e r n  f l a n k ;  Hop Yard B ar: 65.2% on n o r t h e r n  f l a n k ) . S ed im en ts  
c o n ta in e d  on t h e  c h a n n e l  b a r s  l o c a t e d  n e a r  t h e  i n s i d e  edge o f  a m eander 
bend show a  low er p e r c e n ta g e  o f  san d  ( F r e d e r i c k s b u r g  Bar: 70.6%, 
s o u th e r n  f l a n k ;  B ern a rd  Bar: 13% on n o r t h e r n  f l a n k ;  Snowden B ar: 38% 
on n o r t h e r n  f l a n k ;  Hop Yard B ar: 2.2% on s o u th e r n  f l a n k ) .
W ith in  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone , t h e  p e r c e n ta g e  o f  sand  
w i th in  t h e  sam ples  o ccupy ing  t h e  n o r t h e r n  and s o u th e r n  s h o a l in g  a r e a s  
show i n t e r e s t i n g  t r e n d s .  F i r s t l y ,  t h e  d i s t r i b u t i o n  o f  sand  p e r c e n ta g e s  
o f  sam ples  a lo n g  th e  n o r t h e r n  s h o a l s  s t r o n g l y  c o r r e l a t e  w i th  t h e  d i s t r i ­
b u t io n  o f  sand  p e r c e n t a g e s  o f  sam ples  a lo n g  th e  s o u th e r n  s h o a l s .
S e c o n d ly ,  h ig h  p e r c e n ta g e s  o f  san d  o ccu r  on b o th  t h e  n o r t h e r n  and 
s o u th e r n  s h o a l i n g  a r e a s  i n  t h e  c lo s e  p ro x im i ty  t o  where f a s t l a n d  b l u f f  
s e d im e n ts  d i r e c t l y  o u tc ro p  a lo n g  t h e  f l a n k s  o f  t h e  r i v e r ,  p a r t i c u l a r l y  
a lo n g  a r e a s  such  a s  H orse  Head P o in t  and Fones C l i f f s .
D ow nriver from P o r t  R oyal ,  t h e  p e r c e n ta g e  o f  sand  on b o th  t h e  
n o r t h e r n  and s o u th e r n  s h o a l s  i s  low a t  a round  10%. At Horse Head P o i n t ,  
t h e  p e r c e n ta g e  o f  sand  m ark ed ly  i n c r e a s e s  t o  67% on t h e  n o r th e r n  s h o a l  
and 65% on t h e  s o u th e r n  s h o a l .  D ow nriver from H orse Head P o i n t ,  t h e  
p e r c e n ta g e  o f  sand  th e n  g r a d u a l l y  d e c r e a s e s  t o  a p p ro x im a te ly  10% f o r  
b o th  t h e  n o r t h e r n  and s o u th e r n  s h o a l s .  F u r t h e r  d o w n r iv e r ,  a p p ro a ch in g  
Fones C l i f f s ,  t h e  p e r c e n t a g e  o f  s an d ,  a g a in ,  d r a m a t i c a l l y  i n c r e a s e s  t o  
a s  much as  90% on t h e  n o r t h e r n  s h o a l  and 80% on t h e  s o u th e r n  s h o a l .  
A pproach ing  th e  head  o f  t h e  e s t u a r y ,  d o w n riv e r  to w ard s  Tappahannock, 
t h e  p e r c e n t a g e  o f  sand  a g a in  t e n d s  t o  g r a d u a l l y  d e c r e a s e  t o  a round  20% 
a lo n g  b o th  th e  n o r t h e r n  and s o u th e r n  s h o a l in g  a r e a s .
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W ith in  t h e  e s t u a r y ,  t h e  p e r c e n ta g e  o f  sand  c o m p ris in g  t h e  sam ples  
a lo n g  th e  n o r t h e r n  and s o u th e r n  s h o a l s  a p p e a rs  t o  v a r y ,  d e p en d in g  on
where t h e  sam ple was t a k e n  w i th  r e s p e c t  t o  d i s t a n c e  ch an n e lw ard  from
t h e  s h o r e l i n e .  Samples c l o s e  t o  t h e  s h o r e l i n e  g e n e r a l l y  c o n ta i n  h ig h e r  
p e r c e n t a g e s  o f  sand  (72% a t  Jo n es  P o i n t ,  s o u th e r n  f l a n k ;  87% a t  Wares 
W harf, n o r t h e r n  f l a n k ;  27% a t  S h a rp s ,  n o r t h e r n  f l a n k ) .  L e s s e r  p e r ­
c e n ta g e s  o f  sand  o c c u r  w i t h i n  t h e  sam ples  moving ou tw ard  to w ard s  t h e  
e s t u a r y  ch an n e l  (17% a t  J o n e s  P o i n t ,  s o u th e r n  f l a n k ;  24% a t  Wares 
W harf, n o r t h e r n  f l a n k ;  17% a t  S h a rp s ,  n o r t h e r n  f l a n k ;  8% a t  S h a rp s ,  
s o u th e r n  f l a n k ) .  A lthough  no  c r o s s - s e c t i o n a l  sed im en t sam p ling  s t a t i o n s  
w ere ta k e n  d o w n -e s tu a ry  p a s s  M o r a t t i c o ,  s p o t  sam pling  a lo n g  t h e  s h o a l in g  
a r e a s  o f  t h e  low er e s t u a r y  seem t o  i n d i c a t e  a  s i m i l a r  t r e n d ,  in  t h a t ,
a lo n g  t h e  s h o a l i n g  a r e a s  o f  t h e  e s t u a r y ,  t h e  p e r c e n ta g e  o f  san d  g ra d e s
o u tw ard  by g r a d u a l l y  d e c r e a s i n g  from t h e  s h o r e l i n e  to w ard s  t h e  
e s t u a r y  c h a n n e l .
M in e r a lo g ic  C om posit ion
R e p r e s e n t a t i v e  san d  sam ples  from  t h e  r i v e r ,  f a s t l a n d  b l u f f s  and 
e s t u a r y  were o b se rv e d  u n d e r  a  l i e t z  compound m ic ro sco p e  in  o r d e r  t o  
q u a l i t a t i v e l y  examine t h e  m in e r a lo g i c  c o m p o s i t io n  and p h y s i c a l  c h a r a c ­
t e r i s t i c s  o f  t h e  s a n d - s i z e d  p a r t i c l e s .  The same sam ples  o b se rv ed  from 
t h e  r i v e r  zone show h ig h  p e r c e n t a g e s  o f  q u a r t z  p a r t i c l e s  ( a p p ro x im a te ly  
80%) and v i r t u a l l y  no f e l d s p a r  ( a p p ro x im a te ly  2%); m icas  do n o t  seem 
t o  be p r e s e n t  in  t h e s e  sam p les .  Heavy m in e r a l s  such  as  to u r m a l in e  and 
h o rn b le n d e  a r e  t h e  second  most abundan t m in e r a lo g ic  c o n s t i t u e n t s  
( a p p ro x im a te ly  18%) o f  t h e  r i v e r  s an d  sam p les .
The f a s t l a n d  b l u f f  san d  sam ples  from H orse Head P o in t  and Fones 
C l i f f s  a l s o  show h ig h  p e r c e n t a g e s  o f  q u a r t z  (a p p ro x im a te ly  70%),
42
a l th o u g h  a  g r e a t e r  abundance  o f  f e l d s p a r  m in e r a l s  a r e  c o n ta in e d  in  t h e  
b l u f f  sam ples  th a n  in  t h e  r i v e r  s am p le s  ( a p p ro x im a te ly  20%). M icas
a r e  n o t  p r e s e n t .  Heavy m in e r a l s  su ch  as  i l l e m i n i t e ,  t o u r m a l in e ,  h o rn -■ ?
b le n d e  z i r c o n  and p o s s i b l y  g a r n e t  ( s p e s s a r t i t e )  a r e  p r e s e n t  i n  l e s s e r  
amounts ( a p p ro x im a te ly  10%) w i th in  t h e  b l u f f  s a n d - s i z e d  s e d im e n ts  th a n  
th e  r i v e r s .
Sand sam ples  from  t h e  e s t u a r y  a g a in  i n d i c a t e  t h a t  q u a r t z  i s  t h e  
most ab u n d an t  m in e r a lo g i c  c o n s t i t u e n t  o f  t h e  sand  f r a c t i o n  ( a p p r o x i ­
m a te ly  60-70%); g e n e r a l l y ,  f e l d s p a r s  co m p rise  o f  a p p ro x im a te ly  10% o f  
t h e s e  sam p le s .  Mica i s  p r e s e n t  w i th in  t h e  e s t u a r y  sam ples  i n  v a r y in g  
amounts ( a p p ro x im a te ly  5-10% ). H ig h e r  amounts o f  m ica  o c c u r  in  
sam ples  t a k e n  n e a r  a r e a s  w here  c r e e k  sys tem s d r a i n  i n t o  t h e  e s t u a r y  
(T o tu sk ey  C reek , L a n c a s te r  C reek  and P a r r o t s  C reek) i n d i c a t i n g  a 
p o s s i b l e  u p la n d  s o u rc e .  High amounts o f  o r g a n ic  m a t e r i a l  su ch  a s  
f e c a l  p e l l e t s  and f o r a m i n i f e r a  t e s t s  a r e  a l s o  p r e s e n t  in  v a r y in g  
amounts ( a p p ro x im a te ly  10-20%) w i th in  t h e  e s t u a r y  sand  sam p les .
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P h y s ic a l  C h a r a c t e r i s t i c s  o f  Sand Samples
The most s t r i k i n g  d i f f e r e n c e  in  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  
sand  sam ples  u n d e r  m ic r o s c o p ic  e x a m in a t io n  i s  t h e  r e a d i l y  a p p a r e n t  
c o n t r a s t  be tw een  t h e  shape  c h a r a c t e r i s t i c s  o f  t h e  r i v e r  q u a r t z  sand  
p a r t i c l e s  and  t h e  f a s t l a n d  b l u f f  q u a r t z  san d  p a r t i c l e s .  The f l u v i a l  
q u a r t z  p a r t i c l e s  a r e  c h a r a c t e r i z e d  as  h i g h l y  a n g u la r ,  low s p h e r i c i t y .  
C o n v e r se ly ,  t h e  f a s t l a n d  b l u f f  q u a r t z  san d  p a r t i c l e s  a r e  c h a r a c t e r ­
i z e d  a s  su b - ro u n d e d  t o  ro u n d e d ,  low t o  h ig h  s p h e r i c i t y  (Pow ers,
1973). The q u a r t z  p a r t i c l e  sh a p e s  o f  t h e  san d  sam ples  from  th e  
e s t u a r y  a p p ea r  t o  be  co m p rised  o f  a  m ix tu r e  o f  b o th  q u a r t z  san d -sh a p e  
c h a r a c t e r i s t i c s  ( r i v e r  and b l u f f  s a n d s ) .  In t h e  e s t u a r y ,  q u a r tz
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p a r t i c l e  sh ap e s  r a n g e  from a n g u la r  t o  rounded  and  low, medium and h ig h  
s p h e r i c i t y .  T h is  c o u ld  s u g g e s t  t h a t  q u a r t z  s a n d - s i z e d  sed im en t l o c a t e d  
w i th in  t h e  e s t u a r y  may be  a  r e s u l t  o f  m ix ing  p r o c e s s e s  o f  t h e  two l a n d ­
ward sand  s o u r c e s ;  nam ely , t h e  r i v e r  and f a s t l a n d  b l u f f s .  An in  d e p th ,  
q u a n t i t a t i v e  e x a m in a t io n  o f  t h e  d i s t r i b u t i o n  o f  q u a r t z  p a r t i c l e  shape 
c h a r a c t e r i s t i c s  th ro u g h o u t  t h e  r i v e r - e s t u a r y  sy s tem  in  r e l a t i o n  t o  t h e  
two i d e n t i f i a b l e  landw ard  s o u rc e s  w i l l  be p r e s e n t e d  in  a  l a t e r  s e c t i o n .
E v a lu a t io n  o f  C u r re n t  V e l o c i t i e s ,  Boundary S h ea r  S t r e s s e s  and Sedim ent 
T r a n s p o r t  Response D uring  a  F r e s h w a te r  In lfo w  in  t h e  Rappahannock 
E s tu a r y  (O p e ra t io n  HIFLO, 1978)
O p e ra t io n  HIFLO was p la n n e d  t o  o b se rv e  and e v a l u a t e  t h e  r e s p o n se  
o f  an e s t u a r y  t o  h ig h  f r e s h w a t e r  in f lo w  and h ig h  i n f l u x  o f  suspended  
s e d im e n t .  S y n o p t ic  m easurem en ts  o f  f lo w , s a l i n i t y  and suspended  s e d i ­
ment were o b ta in e d  a t  s l a c k  w a te r  a lo n g  th e  172 km r i v e r - e s t u a r y  
be tw een  M arch -A p r i l  1, 1978. C u r re n t  v e l o c i t y  o b s e r v a t io n s  w i th in  t h e  
e s t u a r y  (n e a r  Tappahannock; 69 km from  th e  mouth) began on March 23 
and ended on A p r i l  14, 1978.
For t h e  p u rp o s e s  o f  t h i s  r e s e a r c h  p r o j e c t ,  a ccu m u la ted  d a t a  on 
t i m e - s e r i e s  m easurem ents  o f  c u r r e n t  v e l o c i t i e s  w i th in  t h e  e s t u a r y ,  
p a r t i c u l a r l y  v e l o c i t i e s  w i th in  t h e  boundary  l a y e r  (1 m o f f  t h e  b e d ) ,  
and su sp en d ed  sed im en t m easurem ents  r e c o r d e d  d u r in g  O p e ra t io n  HIFLO, 
a r e  exam ined in  o r d e r  t o  e v a l u a t e  t h e  q u e s t i o n  as  t o  w h e th e r  t h e s e  
p e r i o d i c  h ig h  f r e s h w a t e r  in f lo w s  t o  t h e  e s t u a r y  co u ld  p r o v id e  a  p l a u ­
s i b l e  t r a n s p o r t  mechanism f o r  r i v e r - b o r n e  sand  t o  e n t e r  t h e  e s t u a r i n e  
s ed im en t re g im e .  In  a d d i t i o n ,  some o f  t h e  p e r t i n e n t  q u e s t i o n s  
a d d r e s s e d  by N ic h o l s ,  e t  a l .  (1981) have  a d i r e c t  b e a r in g  upon th e  
a fo re m e n t io n e d  s ta t e m e n t  such  a s :  How f a r  seaw ard  does t h e  sed im en t
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lo a d  from an e v e n t  go b e f o r e  s e t t l i n g  t o  t h e  bed? How do t h e  h y d ro -  
dynamic c o n d i t i o n s  f o r  s ed im en t  t r a n s p o r t  change?
O p e ra t io n  HIFLO Storm and R unoff
The s to rm  e v e n t  a s s o c i a t e d  w i th  O p e ra t io n  HIFLO re a c h e d  th e  
C hesapeake Bay Region on March 27 , 1978. R a i n f a l l  on t h e  Rappahannock 
w a te r sh e d  began  on March 25 , 1978 and c o n t in u e d  f o r  a p p ro x im a te ly  
38 h o u rs  t o  March 27 , 1978. P r e c i p i t a t i o n  r a t e s  on t h e  Rappahannock 
t o t a l e d  3 .0  t o  4 .5  cm on t h e  P iedm ont w a te r sh e d  and 5 .0  t o  9 .5  cm on 
t h e  C o a s ta l  P l a i n  w a te r s h e d .  The h ig h  w a te r  c r e s t  moved downstream  
from Remington t o  F r e d e r i c k s b u r g  (48 km) in  8 .2  h o u r s .  R unoff  w a te r  
l e v e l s  r e a c h e d  a  p eak  o f  2 .1  m a t  F r e d e r i c k s b u r g  on March 27 , 1978 
which was e q u i v a l e n t  t o  a  d i s c h a r g e  o f  358 m /sec  (1 2 ,8 0 0  c f s )  . A 
r u n o f f  ev en t  o f  t h i s  m ag n itu d e  i s  seven  t im e s  t h e  a n n u a l  a v e ra g e  d i s ­
c h a rg e  (4 6 .6  m3/ s e c ;  1 ,800  c f s ) .  The March 27 d i s c h a r g e  was one o f  
f i v e  h ig h  r u n o f f  e v e n ts  d u r in g  1977-1978. The HIFLO d i s c h a r g e  h a s  an 
a v e ra g e  r e c u r r e n c e  i n t e r v a l  o f  once a y e a r  (N ic h o ls ,  e t  a l . ,  1981).
Sedim ent I n f l u x
Sedim ent i n f l u x  re a c h e d  4 ,8 0 0  t o n s / d a y  a t  Remington on March 27, 
1978, n e a r l y  10 t im e s  t h e  d a i l y  a v e ra g e  f o r  1978 (509 t o n s / d a y ) .
F a r t h e r  downstream  a t  F r e d e r i c k s b u r g ,  peak  suspended  sed im en t i n f l u x  
t o  t h e  e s t u a r y  head  r e a c h e d  12 ,300  t o n s / d a y  o v e r  4 days (March 2 6 -2 9 , 
1978) w i th  89% o f  t h e  su sp en d ed  sed im en t f i n e r  th a n  .062 mm "(4<j>; 6 2 .5y) 
and 11% b e in g  g r e a t e r  th a n  .062 mm (U n ited  S t a t e s  G e o lo g ic a l  S u rvey , 
1 9 7 7 -1978) . T a b le  1 shows a com parison  o f  HIFLO sed im en t lo a d s  and 
p eak  d i s c h a r g e s  w i th  o t h e r  h ig h  f r e s h w a te r  in f lo w  e v e n ts  r e c o rd e d  by 
t h e  U n i te d  S t a t e s  G e o lo g ic a l  Su rvey  s tre a m  g ag in g  s t a t i o n  a t  Remington,
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TABLE I
COMPARISON OF HIFLO SEDIMENT LOADS AND PEAK DISCHARGES WITH 
OTHER EVENTS RECORDED BY THE UNITED STATES GEOLOGICAL SURVEY
AT REMINGTON SINCE 1951 
(from  N ic h o l s ,  e t  a l . ,  1981)
D ate
Storm  Sedim ent 
Load, t o n s
Storm P e r io d ,  
A r b i t r a r y ,  days
Peak D isc h a rg e  
m /s
Aug. 19, 1955 4 3 ,900 7 1263
Mar. 20 , 1963 8 2 ,100 10 195
Ju n e  22 , 
(Agnes)
1972 4 1 ,500 11 1296
Mar. 20, 1975 71 ,300 9 501
S e p t . 26 , 1975 107,300 6 397
J a n . 27, 1978 5 0 ,710 4 109
M ar. 27 , 
(HIFLO)
1981 8 ,1 4 6 4 358
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V i r g i n i a  s i n c e  1951. R e l a t i v e l y  s p e a k in g ,  ,4HIFLO" was n o t  a  m a jo r  
f l o o d i n g  e v e n t  i n  t h e  Rappahannock System .
S a l i n i t y  Response
The Rappahannock E s tu a ry * s  r e s p o n s e  t o  h ig h  f r e s h w a t e r  in f lo w  was 
a  low ered  s a l i n i t y  and an a s s o c i a t e d  i n c r e a s e  i n  s t r a t i f i c a t i o n .  At 
Tappahannock (69 km from  t h e  m o u th ) ,  s u r f a c e  s a l i n i t i e s  d e c r e a s e d  w i th in  
tw e n t y - f o u r  h o u rs  a f t e r  r a i n f a l l  began  from 1 .5 ° /o o  a t  0200 on March 26, 
t o  n e a r l y  z e r o  a t  1100 on March 27. By March 28 , one day a f t e r  h ig h  
in f lo w  a t  F r e d e r i c k s b u r g ,  t h e  most landw ard  l i m i t  o f  s a l t y  w a te r  (0 .5  
p p t  in  s u r f a c e  w a te r )  was d i s p l a c e d  12 .8  km (8 m i l e s )  downstream  o f  
i t s  p o s i t i o n  p r i o r  t o  h ig h  in f lo w  (72 km from th e  m ou th ) .  The i n d i r e c t  
e f f e c t  o f  t h e  h ig h  f r e s h w a t e r  in f lo w  was t o  f r e s h e n  th e  e s t u a r y  by 
2 - 4 ° /o o  and t o  m a in ta in  t h i s  low ered  l e v e l  f o r  ab o u t 20 d a y s .  The 
e s t u a r y  r e t a i n e d  i t s  s a l t  i n t r u s i o n  a s  w e l l  a s  i t s  p a r t i a l l y  mixed 
f lo w  reg im e  th r o u g h  a l l  s t a g e s  o f  h ig h  in f lo w  (N ic h o ls ,  e t  a l . ,  1981).
C u r re n t  V e l o c i t y  O b s e rv a t io n s  and Flow Response
C u r re n t  v e l o c i t y  o b s e r v a t io n s  d u r in g  " O p e ra t io n  HIFLO" were ta k e n  
a t  c u r r e n t  m ooring  s t a t i o n  R-1A which was l o c a t e d  w i th in  t h e  e s tu a r y * s  
c e n t r a l  c h a n n e l  a t  t h e  head  o f  t h e  e s t u a r y  (6 6 .5  km from t h e  mouth; 
3 7 ° 5 5 '1 0 "  N, 76°49*17" W), F ig u r e  8. At R-1A, m easurem en ts  o f  sp eed , 
t i l t  and d i r e c t i o n  w ere made by two b r a in c o n  ty p e  1381 h i s to g ra m  
c u r r e n t  m e te r s  moored on a  t a u t  w i r e .  The m e te r s  were s e t  a t  2 .0  m 
and 7 .4  m below  t h e  s u r f a c e .  The t o t a l  d e p th  a t  s t a t i o n  R-1A was 
8 .0  m. M easurement r e c o r d s  a t  s t a t i o n  R-1A began on March 23 and 
ended on A p r i l  14. A sav o n io u s  r o t o r  i n d i c a t e d  speed  from th e  t o t a l  
number o f  r e v o l u t i o n s  o v e r  a  tw e n ty -m in u te  p e r i o d .  The l o n g i t u d i n a l
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F ig u r e  8. S t a t i o n  R-1A l o c a t i o n  in  t h e  u p p e r  e s t u a r y  c h an n e l  
d u r in g  O p e ra t io n  HIFLO.
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component o f  v e l o c i t y  was c a l c u l a t e d  from d i g i t i z e d  raw d a t a  f o r  each  
tw e n ty -m in u te  i n t e r v a l .
F ig u r e  9 d i s p l a y s  t h e  n e a r - s u r f a c e  (2 m d e p th )  t i m e - v e l o c i t y  c u rv e  
o f  c u r r e n t  v e l o c i t i e s  r e c o r d e d  a t  s t a t i o n  Rl-A b e f o r e  and d u r in g  h ig h  
f r e s h w a t e r  in f lo w .  B efo re  h ig h  in f l o w ,  March 2 4 -2 5 ,  t h e  maximum f lo o d  
c u r r e n t  r e a c h e d  70 cm /sec  and a  maximum ebb c u r r e n t  o f  55 cm /sec .
D uring  h ig h  f r e s h w a t e r  i n f lo w ,  March 27, t h e  maximum f lo o d  c u r r e n t  was 
58 cm /sec  and a  maximum ebb c u r r e n t  o f  80 c m /sec .  A lso  d u r in g  h ig h  
f r e s h w a t e r  in f l o w ,  on March 27 , t h e  f lo o d  d u r a t i o n  and a m p l i tu d e  was 
re d u c e d  by ab o u t 10% w h i le  th e  ebb d u r a t i o n  was le n g th e n e d  by ab o u t 
15%. T h is  c o r re sp o n d e d  w i th  an i n c r e a s e  in  m ag n itu d e  o f  t h e  Qbb- 
c u r r e n t s  by a p p ro x im a te ly  20%.
F ig u r e  10 d i s p l a y s  t h e  n e a r - b o t to m  ( 7 .4  m d e p th )  t im e  v e l o c i t y  
c u rv e  o f  c u r r e n t  v e l o c i t i e s  r e c o r d e d  a t  s t a t i o n  R-1A b e f o r e  and d u r in g  
h ig h  f r e s h w a t e r  in f lo w .  B e fo re  h ig h  in f l o w ,  March 2 3 -2 4 , t h e  maximum 
f lo o d  c u r r e n t  r e a c h e d  48 cm /sec  and a maximum ebb c u r r e n t  o f  44 cm /sec .  
D uring  h ig h  f r e s h w a t e r  in f lo w ,  March 2 7 -3 0 ,  maximum f lo o d  v e l o c i t i e s  
r e a c h e d  45 cm /sec  and maximum ebb v e l o c i t i e s  r e a c h e d  55 cm /sec .
In  a d d i t i o n  t o  t h i s ,  t h e  f l o o d  d u r a t i o n  was s h o r te n e d  by ab o u t  
5-10%. As a r e s u l t ,  t i d a l  a m p l i tu d e  was re d u c e d  by ab o u t  5%. Con­
v e r s e l y ,  t h e  ebb d u r a t i o n  le n g th e n e d  by a b o u t  10% a s s o c i a t e d  w i th  an 
i n c r e a s e  i n  m ag n itu d e  o f  ab o u t 10-15%.
At s t a t i o n  R-1A b e f o r e  h ig h  in f lo w ,  March 2 3 -2 5 ,  th e  n e a r - s u r f a c e  
mean n o n - t i d a l  v e l o c i t y  o y e r  4 t i d a l  c y c l e s  was 1 .74  cm /sec ,  seaw ard .
The n e a r - b o t to m  mean n o n - t i d a l  v e l o c i t y  o v e r  f o u r  t i d a l  c y c l e s  was
3 .2  c m /s e c , l a n d w a r d .  Hence, i n d i c a t i n g  t h a t  a  b i d i r e c t i o n a l  f low  
reg im e  e x i s t e d  a t  t h i s  p o i n t  and t im e  a t  t h e  head  o f  t h e  e s t u a r y ,
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Figure 9 T i m e - v e lo c i ty  c u rv e s  a t  s t a t i o n  R-1A showing t h e  change i n  
m ag n itu d e  and d u r a t i o n  o f  n e a r  ^ -su rface  f lo w ,  b e f o r e  and 
d u r in g  h ig h  f r e s h w a te r  in f lo w .
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F ig u r e  10. T im e - v e lo c i ty  c u rv e s  a t  s t a t i o n  R-1A showing th e  change i n  
m agn itude  and d u r a t i o n  o f  n e a r -b o t to m  f lo w ,  b e f o r e  and 
d u r in g  h ig h  f r e s h w a t e r  in f lo w .
\s c  s c
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w ith  n e t - s u r f a c e  f lo w  seaw ard  and n e t - b o t to m  f lo w  lan d w ard .  D uring h ig h  
f r e s h w a t e r  in f lo w  t o  t h e  e s t u a r y ,  March 2 6 -3 0 ,  t h e  n e a r  s u r f a c e  mean n e t  
n o n - t i d a l  v e l o c i t y  was 1 3 .1  cm /sec  seaw ard  w i th  a  maximum n e t  v e l o c i t y  
o f  2 6 .9  cm'/sec seaw ard  o c c u r r i n g  on March 2 7 -2 8 .  The n e a r  b o ttom  mean 
n e t  n o n - t i d a l  v e l o c i t y  was 5 .9  cm /sec  seaw ard  w i th  a  maximum n e t -  
v e l o c i t y  o f  14 .1 6  cm /sec  o c c u r r in g  on March 2 7 -2 8 .  T hus, i n d i c a t i n g  
t h a t  a  s t r o n g  n e t - s e a w a r d  f lo w  c o n t in u e d  d u r in g  t h e  f o u r  days  o f  h ig h  
f r e s h w a t e r  in f lo w  in  b o th  t h e  n e a r - s u r f a c e  and n e a r - b o t to m  w a te r s  a t  
t h e  head  o f  t h e  e s t u a r y  ( s t a t i o n  R-1A).
From t h e  c u r r e n t  v e l o c i t y  d a t a  on h an d , i t  i s  d i f f i c u l t  t o  d i s c e r n  
t h e  d i s t a n c e  dow nstream  t h a t  t h e  n e t - s e a w a r d  f lo w  p e n e t r a t e d  i n t o  t h e  
e s t u a r y ,  a l th o u g h  one may e q u a te  t h e  dow nstream  p e n e t r a t i o n  o f  t h i s  
f lo w  w i th  t h e  changes  in  t h e  n e a r - b o t to m  s a l i n i t y .  From March 26 t o  
March 29 , n e a r - b o t to m  s a l i n i t i e s  d ropped  r a p i d l y  a t  Tappahannock (n e a r  
s t a t i o n  R-1A) from 1 .2  p p t  t o  0 .0  p p t .  N e a r-b o t to m  s a l i n i t i e s  a t  
Tappahannock rem a in ed  a t  0 p p t  u n t i l  A p r i l  10, 1978. The s a l t  i n t r u ­
s io n  was d i s p l a c e d  13 km (8 m i l e s )  seaw ard  from  i t s  a v e ra g e  p o s i t i o n  
w hich  i s  g e n e r a l l y  l o c a t e d  a ro u n d  72 km (n e a r  Tappahannock) from th e  
mouth (N ic h o ls ,  e t  a l . ,  1981). C o n se q u e n t ly ,  h ig h  f r e s h w a t e r  in f lo w  
r e s u l t e d  in  ch an g in g  t h e  c i r c u l a t i o n  p a t t e r n  in  t h i s  zone (72 km-59 km 
from  t h e  mouth) from a  tw o - l a y e r e d  e s tu a r in fe  c i r c u l a t i o n  t o  a seaw ard  
r i v e r - t y p e  f low  a t  a l l  d e p th s .
E s t im a t in g  Boundary S h e a r  S t r e s s
I t  i s  g e n e r a l l y  a c c e p te d  t h a t  t h e  u p p e r  l i m i t  o f  boun d ary  l a y e r  
f lo w  w i th in  a  f u l l y  d e v e lo p e d  t u r b u l e n t  f low  i s  .4  x t o t a l  d e p th .
A lso ,  a  d e p th  o f  1 m o f f  t h e  bed  i s  c o n s id e r e d  t h e  s t a n d a r d  d e p th  f o r
55
m o n i to r in g  t h i s  ty p e  o f  b o u n d a ry  l a y e r  f lo w . At s t a t i o n  R-1A, t h e  
n e a r - b o t to m  c u r r e n t  m e te r  was s e t  a t  60 cm (< 1 m) o f f  t h e  b ed . C ur­
r e n t  v e l o c i t y  m easurem en ts  w i t h i n  t h e  boundary  l a y e r  r e c o r d e d  d u r in g  
O p e ra t io n  HIFLO a r e  exam ined in  o r d e r  t o  g a in  i n s i g h t  a s  t o  t h e  r e l a t i v e  
m a g n itu d e  o f  b o tto m  s h e a r  s t r e s s e s  e x e r t e d  on t h e  b ed .  T h is  i s  
d i r e c t l y  r e l a t e d  t o  t h e  f l u i d s  a b i l i t y  t o  e ro d e  bo ttom  se d im e n ts  w i th in  
t h e  e s t u a r y  d u r in g  t h e  HIFLO e v e n t .  U n f o r t u n a t e ly ,  t h e  e x i s t i n g  
b e d - lo a d  t r a n s p o r t  e q u a t i o n s  t h a t  r e l a t e  boun d ary  s h e a r  s t r e s s e s  t o  
c r i t i c a l  o r  t h r e s h o l d  e r o s i o n  v e l o c i t i e s ,  w hich r e l a t e s  t h e  moving 
f l u i d s  a b i l i t y  t o  t r a n s p o r t  bed  s e d im e n ts ,  a r e  n o t  s t r i c t l y  a p p l i c a b l e  
in  t h i s  c a s e .  The s t a t e - o f - t h e - a r t  b e d - lo a d  t r a n s p o r t  e q u a t io n s  a r e  
b a se d  on e x p e r im e n ts  i n v o lv in g  n o n - c o h e s iv e  s e d im e n ts .  C o n s e q u e n t ly ,  
t h e  a p p l i c a t i o n  o f  t h e s e  e q u a t i o n s  f o r  c o h e s iv e  s e d im e n ts ,  w hich a r e  
c h a r a c t e r i s t i c  o f  t h e  e s t u a r y ,  seems i n a p p r o p r i a t e  in  t h i s  c a s e .
S in c e  c u r r e n t  v e l o c i t y  m easurem ents  w i th in  t h e  e s t u a r y  boundary  
l a y e r  a t  s t a t i o n  R-1A c o n s i s t s  o f  s i n g l e  p o i n t  V e l o c i t y  m easurem ents  
th ro u g h  t im e  ( E u la r i a n  d e s c r i p t i o n ) ,  a  v e l o c i t y  p r o f i l e  o f  t h e  boun d ary  
l a y e r  c an n o t be  c o n s t r u c t e d .  A lth o u g h  an a p p ro x im a t io n  o f  boun d a ry  
l a y e r  s h e a r  s t r e s s  can be  made from  a  s i n g l e  p o i n t  v e l o c i t y  m easurem ent 
t a k e n  a t  o r  c l o s e  t o  1 m o f f  t h e  b e d ,  by u s in g  t h e  q u a d r a t i c  s h e a r  
s t r e s s  e q u a t io n  in  t h e  form  g iv e n  by S te r n b e r g  (1972) . T h is  q u a n t i t a ­
t i v e  a n a l y s i s  s h o u ld  g iv e  a  good i n d i c a t i o n  o f  t h e  r e l a t i v e  m ag n itu d e  
o f  s h e a r  s t r e s s e s  e x e r t e d  on t h e  e s t u a r y  bed  d u r in g  HIFLO. In  a d d i t i o n ,  
i t  can be  ju d g e d  w h e th e r  o r  n o t  t h e  m ag n itu d e  o f  t h e s e  s h e a r  s t r e s s e s  
a r e  s u f f i c i e n t  enough t o  e ro d e  and r e s u s p e n d  b o ttom  sed im en t ( i . e . ,  
ex ceed  c r i t i c a l  o r  t h r e s h o l d  v a l u e s  f o r  a  p a r t i c u l a r  bed  ty p e )  w i th in  
t h e  u p p e r  e s t u a r y .
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The q u a d r a t i c  s h e a r  s t r e s s  law s t a t e s  t h a t  t h e  Boundary S h ea r  S t r e s s  
(t q) i s  p r o p o r t i o n a l  t o  t h e  f l u i d  d e n s i t y  (p) and t h e  s q u a re  o f  t h e  mean 
v e l o c i t y  100 cm o f f  t h e  bed  t im e s  a  p r o p o r t i o n a l i t y  c o n s ta n t  (Cp) o r  
d ra g  c o e f f i c i e n t .  The d ra g  c o e f f i c i e n t  r e l a t e s  t h e  mean v e l o c i t y  n e a r  
t h e  bed  t o  t h e  f o r c e  e x e r t e d  by t h e  f l u i d  on t h e  b ed .
T0 = p Uio o 2 CD100 C1)
S te r n b e r g  (1968) h a s  shown t h a t  f o r  h y d ro d y n a m ic a l ly  rough  f lo w s ,
t h e  d ra g  c o e f f i c i e n t  assum es a  c o n s t a n t  v a lu e  w i t h i n  t h e  boundary  l a y e r
and t h a t  t h i s  v a lu e  i s  d i r e c t l y  r e l a t e d  t o  t h e  bed  c o n f i g u r a t i o n .
Hence, g iv e n  a  r e p r e s e n t a t i v e  v a lu e  o f  CL f o r  a  g iv e n  bed  c o n f i g u r a ­
ble) 0
t i o n ,  t h e  r e l a t i v e  s h e a r  s t r e s s  may be  ap p ro x im a te d  from a  s i n g l e
m easurem ent o f  mean v e l o c i t y  w i th in  t h e  b o u n d a ry  l a y e r .
S te r n b e r g  (1968) shows t h e  r e l a t i o n s h i p  be tw een  CL and t h e
D10 0
R eynolds  number f o r  a  v a r i e t y  o f  n a t u r a l ,  n o n - c o h e s iv e  bed  c o n f i g u r a ­
t i o n s  ( F ig u re  1 1 ) .  The bed  c o n f i g u r a t i o n s  a r e  c l a s s i f i e d  a s  ro c k y  (A ); 
g r a v e l l y  (B ) ; r i p p l e d  sand  (D, F ) ; i n d i s t i n c t l y  roughened  sand  (E, C ) .
The c u r r e n t  v e l o c i t i e s  1 m from t h e  bed  in  t h e s e  a r e a s  r e a c h e d  40 cm/ 
s e c .  R e s u l t s  i n d i c a t e  t h a t  a t  R ey n o ld s '  numbers g r e a t e r  th a n  abou t
1 .5  x 105 (Uinn = 15 c m /s e c ) ,  t h e  m ag n itu d e  o f  CL f o r  each  p a r t i c u l a r
Dioo
bed  c o n f i g u r a t i o n  i s  e s s e n t i a l l y  c o n s t a n t .  The v a lu e  o f  C f o r  t h e
DlOO
v a r i o u s  bed  ty p e s  r a n g e s  from  ab o u t 2 x  10 3 t o  4 x  10 3 . S te rn b e rg  
(1972) p ro p o s e s  t h a t  a l th o u g h  t h e r e  a p p e a rs  t o  be  a  d i f f e r e n c e  o f  a 
f a c t o r  o f  two betw een  t h e  m ag n itu d e  o f  CL f o r  t h e  v a r i o u s  bed
Dioo
c o n f i g u r a t i o n s ,  t h e  d i f f e r e n c e  i s  o f  t h e  same o r d e r  o f  m a g n itu d e .
T h is  f a c t ,  co u p led  w i th  t h e  n o t i o n  t h a t  in  m ost c a s e s  o f  f i e l d
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m easu rem en ts  t h e  bed  c o n f i g u r a t i o n  i s  n o t  a c c u r a t e l y  known, s u g g e s t s  
t h a t  a l l  d a t a  s h o u ld  be  g ro u p ed  in  o r d e r  t o  p r e s e n t  an a v e r a g e  v a lu e  
o f  CL r e g a r d l e s s  o f  bed  c o n f i g u r a t i o n .  T a b le  I I  shows t h e  mean
Dioo
Cioo 95% c o n f id e n c e  l i m i t s  f o r  a l l  boundary  l a y e r  d a t a  r e g a r d l e s s
o f  bed  c o n f i g u r a t i o n  ( S t e r n b e r g ,  1972).
The (L mean, u p p e r  l i m i t  and low er l i m i t  v a l u e s  i n  t h e  " a l l  
DlOO
d a ta "  column w i l l  be  u s e d  t o  e s t i m a t e  b oundary  s h e a r  s t r e s s e s  a t  s t a t i o n
R-1A d u r in g  h ig h  f r e s h w a t e r  in f lo w  (March 26-29) t o  t h e  head  o f  th e
e s t u a r y .  T h is  d e c i s i o n  i s  made s i n c e  w i th in  t h e  t i d a l  c u r r e n t  v e l o c i t y
d u r a t i o n s  o f  b o th  f l o o d  and ebb p h a s e s  d u r in g  O p e ra t io n  HIFLO, t h e
b o u n d a r y - l a y e r  f lo w  can t r a n s f o r m  from  h y d ro d y n a m ic a l ly  smooth f low
(n e a r  c u r r e n t  s l a c k ;  R < 1 . 5 x 105 ) t o  h y d ro d y n a m ic a l ly  ro ugh  f low  (R >e e
1 . 5 x  105) .  T a b le  I I I  shows t h e  r a n g e  o f  e s t i m a t e d  v a lu e s  o f  and
u* a t  s t a t i o n  R-1A (n e a r -b o t to m )  u s in g  S te r n b e r g * s  (1968) CL mean,
Dioo
u p p e r  l i m i t  and low er l i m i t  v a l u e s  from  March 2 6 -2 9 . The v a l u e s  o f  
Uiqo a r e  c a l c u l a t e d  f o r  b o th  t h e  mean f lo o d  and mean ebb v e l o c i t i t e s  
o v e r  one t i d a l  c y c le  ( s e m id iu r n a l )  f o r  each  day o f  r e c o r d e d  h ig h  f r e s h ­
w a te r  i n f l u x  t o  t h e  e s t u a r y  h ead .  The ra n g e  o f  v a lu e s  ( f o r  xv and
u*) CL a p p e a r  t o  be w e l l  w i th in  r e a s o n a b le  ra n g e  t o  i n f e r  t h a t  t h e
D1 0 0
m a g n i tu d e s  o f  t h e s e  s h e a r  s t r e s s e s  a r e  s u f f i c i e n t  enough t o  e ro d e  and
re s u s p e n d  b o tto m  sed im en t  a t  t h i s  p o i n t  in  t h e  e s t u a r y .  T h is  i s
p resum ed  b a se d  on t h e  f a c t  t h a t  c u r r e n t  v e l o c i t i e s  r e c o r d e d  d u r in g
March 26-29  by f a r  ex ceed  t h e  e s t i m a t e d  v a lu e s  o f  u* a s s o c i a t e d  w i th
t w i t h i n  t h e  r a n g e  o f  l i m i t s  o f  CL v a l u e s ,  
o & Dioo
The w r i t e r  h a s  chosen  S t e r n b e r g ' s  (1968) mean v a lu e  o f  3 . 1 x 1 0  3
f o r  (L t o  a p p ly  t o  s t a t i o n  R-1A c u r r e n t  v e l o c i t y  d a t a .  S te rn b e rg
Dioo
(1968) h a s  d e te rm in e d  t h a t  t h i s  mean v a lu e  i s  c o n s i s t e n t  w i th in  h i s
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F ig u r e  11.
T a b le  I I .
Drag c o e f f i c i e n t  (C~ ) a s  r e l a t e d  t o  t h e  R eynolds
D10  0
number f o r  a l l  d a t a  ( a f t e r  S t e r n b e r g ,  1968).
Mean C i0o and 95% c o n f id e n c e  l i m i t s  f o r  a l l  b o u n d ary -  
l a y e r  d a t a  r e g a r d l e s s  o f  bed  c o n f i g u r a t i o n  ( a f t e r  
S t e r n b e r g ,  1968).
59
i  n r
* 1.5 x to9
t 1
•> v  •* i v
 1---
ALL DATA
«r* b- * * . * ' •
E **v v
r  -Ygfe&V :r v-
8 K : ! . •  — *i «■<>-*-=
• V
H VDRODYNAMICALLY SMOOTH FLOW
.  I FULLY ROUGH REGION— *  
J______!______I_______ I
1
Eu
10*'
oN
£
lO'5-= o*
- to* 2 c9
to*3 0»«•
- to*4 9C93O
X 10
Figure U .
Drag coefficient (Cim) as related to the Reynolds number for all data. Here UI(W is the mean 
velocity oik meter from the bed, z equals 100 cm, v is the kinematic viscosity. Equivalent values 
of roughness length (z®) can be determined by using the right-hand vertical axis. (After Sternberg, 
1968.)
Table I I .
Mean C100 and 95% Confidence Limits for All Boundary-Layer Data Regardless of Bed 
Configuration®
A ll d a ta Re<1.5 X 10s Re>1.5 X 10*
c' “'100 3.1 X 1(T3 3.2 X 1CT3 3.0 X IO 3
Upper l im it 1.1 X io-2 1.6 x icr2 7.8 X 1(T3
Lower l im it 8.7 X u r 4 6.6 X 1(T4 1.1 X IO 3
®After Sternberg, 1968.
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t  and o
DATE
Mar. 26
Mar. 27
Mar. 28
Mar. 29
TABLE I I I
MEAN C FOR ALL BOUNDARY-LAYER DATA REGARDLESS OF 
Ul0° BED CONFIGURATION (STERNBERG, 1972)
Cioo MEAN = 3 .1  X 10'
UPPER LIMIT = 1 .1  X 
LOWER LIMIT = 8 .7  X 10
10 2 
-»+
( f o r  b o th  h y d ro d y n a m ic a l ly  
smooth and rough  f low )
x* v a l u e s  f o r : S t a t i o n  R-1A n e a r - b o t to m  mean v e l o c i t i e s  f o r  b o th  
f l o o d  and ebb a t  100 cm o f f  t h e  bed  from March 
2 6 -2 9 ,  1978 (O p e ra t io n  HIFLO)
To = p ° l ° ° 2 % 00 
U* = CDh  Uioo
FLOOD EBB
u u
Uioo (cm /sec)
Di 00 o o
d y n e s / d y n e s /
cm2 cm /sec 2cm^ 1 cm /sec (1 T id a l  C ycle)
3 .1 X 1 0 "3 2 .4 8 1 .57 2 .9 3 1.71 ... 28 .31 30 .75
1 .1 X 10 2 8 .81 2 .9 6 10 .40 3 .2 2
8. 7 X i o _l+ .697 . 835 .822 .906
3 .1 X 1 0 "3 2 .4 0 1 .54 3 .78 1 .94 27 .83 34 .92
1 .1 X 10 2 8 .51 2 .9 1 13.41 3. 66
8 .7 X i o ” 4 .024 .820 1 .06 1.02
3. 1 X i o " 3 2 .0 8 1 .4 4 3 .8 5 1 .9 6 25 .91 3 5 .2 6
1 .1 X 10 2 7 .38 2 .71 13.67 3 .6 9
8 .7 X 10 4 .584 . 764 1.08 1 .04
3 .1 X i o " 3 1. 71 1 .31 3 .61 1 .9 0 2 3 .5 5 3 4 .13
1. 1 X 10~2 6 .1 0 2 .4 6 12.81 3 .5 7
8. 7 X 10 4 .482 .694 1.01 1 .0 0
61
d a t a  a n a l y s i s  f o r  e s t i m a t i n g  t q v i a  t h e  q u a d r a t i c  s h e a r  s t r e s s  law , 
r e g a r d l e s s  o f  t h e  bed  c o n f i g u r a t i o n .  At t h i s  p o i n t ,  i t  i s  n o te w o r th y  
t o  s t a t e  t h a t  t h e  q u a d r a t i c  s h e a r  s t r e s s  law i s  employed u n d e r  t h e  
r e a s o n a b l e  a ss u m p tio n  t h a t  a  l o g a r i t h m i c  t y p e  v e l o c i t y  d i s t r i b u t i o n  does 
e x i s t .  A lth o u g h  S te r n b e r g  (1972) found  t h a t  in  t h e  v a r i o u s  t i d a l  ch an ­
n e l s  u s e d  in  h i s  e x p e r im e n t s ,  l o g a r i t h m i c  v e l o c i t y  p r o f i l e s  o c c u r re d  
from 62% t o  100% o f  t h e  t i m e ,  a v e r a g in g  ab o u t 85%. I t  m ust a l s o  be 
m e n tio n e d  t h a t  l i t t l e  e x p e r im e n ta l  e v id e n c e  e x i s t s  i n  d e te r m in in g  d rag  
c o e f f i c i e n t s  f o r  c o h e s iv e  s e d im e n ts .  Some s t u d i e s  have  been  a t t e m p te d ,  
b u t  up t o  t h i s  p o i n t  have  y i e l d e d  i n c o n c l u s i v e  r e s u l t s  (A lu ru an ad an , 
e t  a l . ,  1980). A pp ly ing  a mean v a l u e  o f  3 . 1 x 1 0  3 w i l l  a t  l e a s t  g iv e  
t h e  r e a d e r  some ty p e  o f  q u a n t i t a t i v e  f e e l  f o r  t h e  m ag n itu d e  o f  s h e a r  
s t r e s s e s  e x e r t e d  on t h e  e s t u a r y  bed  d u r in g  h ig h  f r e s h w a t e r  i n f l u x .
T h is  w i l l  a l s o  a l lo w  a  b a s i s  f o r  i n t u i t i v e  r e a s o n in g  a s  t o  w h e th e r  
b o tto m  sed im en t  may b e  e ro d e d  and r e s u sp e n d e d  d u r in g  an e v e n t  o f  
t h i s  n a t u r e .
F ig u r e  12 shows t h e  d i s t r i b u t i o n  o f  e s t i m a te d  s h e a r  s t r e s s e s  CT0) 
w i t h i n  t h e  b o u n d a ry  l a y e r  a t  s t a t i o n  R-1A u s in g  = 3 . l x  10 3 o v e r  
one t i d a l  c y c l e  b e f o r e  and  d u r in g  t h e  HIFLO e v e n t .  The d i s t r i b u t i o n  
o f  t h e  e s t i m a t e d  b o u n d a ry  s h e a r  s t r e s s e s  b a s i c a l l y  r e s e m b le s  t h a t  o f  
t h e  c u r r e n t  v e l o c i t y  d i s t r i b u t i o n s  ( F ig u r e s  10 and 1 1 ) .  H ig h e s t  
v a lu e s  o f  t q c o r r e s p o n d  w i th  maximum c u r r e n t  v e l o c i t i e s  o v e r  t h e  
d u r a t i o n  o f  f l o o d  and ebb p h a s e s .  B e fo re  t h e  e f f e c t s  o f  h ig h  f r e s h ­
w a te r  in f lo w  re a c h e d  s t a t i o n  R-1A (March 2 3 -2 4 ) ,  a  n e t - r e s i d u a l  s h e a r  
s t r e s s  o f  .34  dynes/cm 2 e x i s t e d  w i th in  t h e  b oundary  l a y e r  in  t h e  f lo o d  
( lan d w ard )  d i r e c t i o n  th r o u g h  t im e  (one t i d a l  c y c l e ) .  D uring  peak  h ig h  
f r e s h w a t e r  in f lo w  t o  t h e  e s t u a r y  head  (March 26 -27 ) a t  s t a t i o n  R-1A,
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F ig u r e  12. D i s t r i b u t i o n  o f  e s t i m a te d  b o u n d a ry  s h e a r  s t r e s s  (t ) a t
s t a t i o n  R-1A u s in g  = 3 .1  X 10~3 o v e r  one t i d a l
Dioo -
c y c l e  d u r in g  peak  h ig h  f r e s h w a t e r  in f lo w  t o  t h e  head  
o f  t h e  e s t u a r y  (March 2 6 -2 7 ,  1978).
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a n e t - r e s i d u a l  s h e a r  s t r e s s  o f  2 .5 8  dynes/cm 2 e x i s t e d  w i t h i n  t h e  boundary  
l a y e r  i n  t h e  ebb (seaw ard )  d i r e c t i o n  th ro u g h  t im e  (one t i d a l  c y c l e ) .
A ls o ,  t h e  m a g n itu d e s  o f  s h e a r  s t r e s s e s  d u r in g  h ig h  in f lo w  w ere a p p r o x i ­
m a te ly  re d u c e d  by 10-15% d u r in g  t h e  f lo o d  and in c r e a s e d  by 15-20% d u r in g  
th e  ebb a s  compared t o  t h e  d i s t r i b u t i o n  o f  t h e  m ag n itu d e  o f  s h e a r  
s t r e s s e s  b e f o r e  h ig h  in f lo w .
Now t h a t  r e a s o n a b l e  q u a n t i t a t i v e  e s t i m a t e s  o f  t h e  m ag n itu d e  o f  
s h e a r  s t r e s s e s  e x e r t e d  on t h e  e s t u a r y  bed have been  d e te r m in e d ,  t h e  
q u e s t i o n  a r i s e s  a s  t o  what i s  t h e  r e l a t i v e  e s t i m a t e  o f  a  c r i t i c a l  o r  
t h r e s h o l d  s h e a r  s t r e s s  w hich  w i l l  s e t  t h e  bed  sed im en t  i n  m o tio n .
F i r s t ,  t h e  t e x t u r a l  c o m p o s i t io n  o f  t h e  b o tto m  sed im en t  m ust be  ta k e n  
i n t o  a c c o u n t .  S in c e  e s t u a r i n e  se d im e n ts  c h a r a c t e r i s t i c a l l y  t e n d  t o  be 
c o h e s iv e  (N ic h o ls ,  1977; K rone, 1972; Meade, 1 9 7 2 ) ,  a p p l i c a t i o n s  o f  
e x p e r im e n ts  and e q u a t i o n s  p r e d i c t i n g  t h r e s h o l d  o r  i n c i p i e n t  m otion  f o r  
n o n -c o h e s iv e  s e d im e n ts  a r e  i n a p p r o p r i a t e .  Many l a b o r a t o r y  e x p e r im en ts  
s t u d y in g  th e  e r o s io n  o f  c o h e s iv e  se d im e n ts  have  been  made ( P a r th e n i a d e s ,  
1965, 1970; M ig n o t ,  1968; G ra f ,  1971; Metha and P a r t h e n i a d e s ,  1975;
Young and S o u th a rd ,  1978; A ru lu a n a d an ,  e t  a l . ,  198 0 ).  From t h i s  work, 
s e m i - q u a n t i t a t i v e  m odels  have  been  d e v e lo p e d  d e s c r i b i n g  t h e  e r o s i o n ,  
t r a n s p o r t  and d e p o s i t i o n  o f  c o h e s iv e  s e d im e n ts .  The i n h e r e n t  a ssu m p tio n  
o f  t h e s e  m odels  i s  t h a t  t h e  b e h a v io r  o f  c o h e s iv e  s e d im e n ts  i n  t h e  
l a b o r a t o r y  i s  r e p r e s e n t a t i v e  o f  t h e  b e h a v io r  o f  c o h e s iv e  s ed im en ts  
i n  s i t u .  Some o f  t h e s e  l a b o r a t o r y ,  as  w e l l  as  in  s i t u  e x p e r im e n t s ,  
on t h e  e r o s io n  o f  c o h e s iv e  se d im e n ts  may b e  a p p l i c a b l e  t o  t h e  
Rappahannock E s tu a r y  s e d im e n ts .  These e x p e r im e n ts  a r e  d i s c u s s e d  so  
t h a t  r e a s o n a b le  q u a n t i t a t i v e  and i n t u i t i v e  co m p ar iso n s  can  be  made 
i n  r e l a t i o n  t o  t h e  p r e s e n t  r e s e a r c h  i n v e s t i g a t i o n .
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P a r t h e n i a d e s  and P a a s w e l l  (d.970) exam ined t h e  e r o d i b i l i t y  o f  ch an ­
n e l s  w i th  c o h e s iv e  b o u n d a r ie s  and s t a t e d  t h a t  many v a r i a b l e s  e f f e c t  t h e  
e r o d i b i l i t y  o f  a  c o h e s iv e  sed im en t such  a s  d e g re e  o f  p a c k in g ,  ty p e  and 
q u a n t i t y  o f  a  c l a y  m i n e r a l ,  c o n c e n t r a t i o n  in  t h e  f l u i d ,  t h e  t e m p e r a t u r e  
and pH o f  t h e  f l u i d  and t h e  s o i l ' s  s t r u c t u r a l  g eo m etry .  T e x t u r a l  
a n a l y s i s  r e v e a l s  t h a t  c h a n n e l  bo ttom  sed im en t  sam ples  a t  s t a t i o n  R-1A 
in  t h e  Rappahannock E s tu a r y  a r e  c h a r a c t e r i z e d  a s  sandy  c l a y  (RP131) 
w i th  24% s a n d ,  18% s i l t ,  and 58% c l a y  (by w e ig h t ) .  O th e r  c h a n n e l  
b o tto m  sam ples  in  t h e  im m edia te  v i c i n i t y  o f  R-1A a r e  c h a r a c t e r i z e d  as  
s i l t y  c l a y  (RP146:4.3% s a n d ,  30% s i l t ,  and 65.7% c l a y ;  RP057:4.2% 
s a n d ,  27% s i l t  and 68% c l a y ) .  W ater  c o n te n t  o f  t h e s e  sam ples  was 
e s t i m a t e d  a t  a p p ro x im a te ly  20-50% by  w e ig h t  w i th  i n c r e a s i n g  w a te r  
c o n te n t  c o r r e s p o n d in g  w i th  an i n c r e a s e  in  t h e  p e r c e n ta g e  o f  c l a y .
N e lso n  (1970) exam ined t h e  c l a y  m in e ra lo g y  o f  b o ttom  s e d im e n ts  i n  th e  
Rappahannock and d e te rm in e d  t h e  c l a y  m in e r a l  a sse m b lag e s  o f  sam ples
w i t h i n  t h e  v i c i n i t y  o f  s t a t i o n  R-1A (upper  e s t u a r y )  c o n s i s t  o f
o
k a o l i n i t e ,  i l l i t e ,  v e r m i c u l i t e ,  u n o rg a n iz e d  i l l i t e , 1 2 . 4 A  m o n tm o r i l -
o
I o n i t e  and 14 .2  A m o n t m o r i l I o n i t e .  N e i th e r  f e l d s p a r  n o r  c h l o r i t e  
was d e t e c t e d  in  t h i s  a r e a .  N e lso n  (1970) found  t h a t  no  c o n s i s t e n t  
m i n e r a l o g i c a l  v a r i a t i o n s  w i th  d e p th  o c c u r  in  any p a r t  o f  t h e  
Rappahannock R iv e r  o r  E s tu a r y .  N e lson  (1972) h a s  a l s o  d e te rm in e d  
t h e  t y p i c a l  ch em ica l  p r o p e r t i e s  in  t h e  low s a l i n i t y  s e d im e n ts  from 
t h e  u p p e r  e s t u a r y  w i th  a  pH r a n g in g  from 6. 6 - 7 .0  and Eh -  50 m i l l i v o l t s .  
W ith in  t h e  m id d le  e s t u a r y ,  t h e  pH i n c r e a s e s  t o  7 . 0 - 7 . 3  and Eh t o  
-100  m i l l i v o l t s .
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E x p e r im e n ta l  V a lu es  o f  C r i t i c a l  S h e a r  S t r e s s e s  f o r  C o h es iv e  S ed im en ts
P a r t h e n i a d e s  (1970) p e r fo rm e d  e x p e r im e n ta l  i n v e s t i g a t i o n s  on t h e  
s c o u r in g  o f  s o f t  c l a y  d e p o s i t s  u s i n g  sed im en t t h a t  was s i m i l a r  i n  t e x ­
t u r e  t o  t h e  sed im en t o ccu p y in g  t h e  e s t u a r y  c h a n n e l  a t  s t a t i o n  R-1A; 
n am ely ,  sam p les  from  San F r a n c i s c o  Bay (commonly known as  bay  mud) 
w hich  c o n ta i n e d  e q u a l  amounts o f  s i l t  and c l a y  w i th  t r a c e s  o f  sand  and 
some o r g a n ic  m a t e r i a l .  I t  was fo u n d  t h a t  t h e  minimum s c o u r in g  s h e a r  
s t r e s s  (t q) was on t h e  o r d e r  o f  .4 7  dynes/cm 2 (0 .0 0 1 0  p s f ) .  E ro s io n  
to o k  p l a c e  by rem ova l o f  i n d i v i d u a l  c l a y  p a r t i c l e s  and s m a l l  c l a y  
c l u s t e r s  ( te rm e d  s u r f a c e  e r o s i o n ) .  E ro s io n  r a t e s  depended  s t r o n g l y  
on t h e  i n c r e a s e  o f  a v e ra g e  bed  s h e a r  s t r e s s  p a s s  t h i s  t h r e s h o l d  
v a l u e .
Krone (1972) exam ined c l a y  p a r t i c l e  f l o c c u l a t i o n  p r o c e s s e s  in  
t h e  Savannah H arb o r  E s tu a r y  and t h e i r  e f f e c t s  on e s t u a r i a l  s h o a l i n g  
p r o c e s s e s .  The t e x t u r a l  c o m p o s i t io n  o f  t h e  c o h e s iv e  b o tto m  se d im e n ts  
h e r e  had  an a v e ra g e  c l a y  s i z e  p a r t i c l e  c o n te n t  (< 2ym) o f  58% (ran g e  
52-65% ); m ost o f  t h e  re m a in d e r  was s i l t  s i z e  p a r t i c l e s  and a few 
p e r c e n t  o f  f i n e  san d . The c l a y  m in e r a l  c o m p o s i t io n  was a l s o  s i m i l a r  
t o  t h a t  o f  b o tto m  se d im e n ts  a t  s t a t i o n  R-1A. The p re d o m in a n t  c l a y  
m in e r a l  t y p e s  w ere : k a o l i n i t e ,  m o n tm o r i l I o n i t e  and v e r m i c u l i t e .
In  t h i s  s tu d y ,  c r i t i c a l  s h e a r  s t r e s s e s  f o r  t h e  c o h e s iv e  e s t u a r i n e  
bo tto m  s e d im e n ts  w ere  on t h e  o r d e r  o f  m ag n itu d e  o f  a p p ro x im a te ly  
.62  dynes/cm 2 .
Young and S o u th a rd  (1978) o b t a i n e d  e s t i m a t e s  o f  t h r e s h o l d  e r o s io n  
v e l o c i t i e s  b o th  in  t h e  f i e l d  and in  t h e  l a b o r a t o r y  f o r  m a r in e  muds 
r e l a t i v e l y  r i c h  in  o r g a n ic  m a t t e r  and h a v in g  an a c t i v e  in f a u n a .  A 
s e a - f l o o r  flum e was u se d  t o  e ro d e  u n d i s t u r b e d  c o h e s iv e  bo ttom  se d im e n ts
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on t h e  s e a  f l o o r  a t  B uzzards  Bay, M a s s a c h u s e t t s .  In  a d d i t i o n ,  a  l a b o r a ­
t o r y  flum e was u s e d  t o  s tu d y  t h e  e f f e c t s  o f  e r o s io n  r e s i s t a n c e  o f  t h e  
same c o h e s iv e  muds r e d e p o s i t e d  in  t h e  f lum e. The p u rp o s e  o f  t h i s  
ex p e r im e n t  was t o  compare t h e  e r o s io n  r e s i s t a n c e  b e h a v io r  o f  u n d i s t u r b e d  
muddy s e d im e n ts  w i th  t h e  e r o s io n  r e s i s t a n c e  b e h a v io r  o f  t h e  same s e d i ­
m ents  a f t e r  r e d e p o s i t i o n  in  t h e  l a b o r a t o r y .
C om parisons  o f  t h e  t e x t u r a l  c h a r a c t e r i s t i c s  o f  Young and S o u th a rd * s  
(1978) muddy s e d im e n ts  and  t h e  c h a n n e l -b o t to m  se d im e n ts  a t  and n e a r  
s t a t i o n  R-1A in  t h e  Rappahannock E s tu a r y  a r e  l i s t e d  in  T a b le  IV. The 
t e x t u r a l  c o m p o s i t io n s  o f  t h e  two s e t s  o f  sam ples  c o r re sp o n d  f a i r l y  w e l l  
w i th  each  o t h e r  i n  t h a t  t h e y  have  n e a r l y  s i m i l a r  p e r c e n ta g e s  o f  s an d ,  
s i l t  and  c l a y ,  a l th o u g h  Rappahannock sam ples  have  a s l i g h t l y  h i g h e r  
c l a y  c o n t e n t .  In  a d d i t i o n ,  t h e  Rappahannock se d im e n ts  can a l s o  be  
c o n s id e r e d  p a r t i a l l y  c o n s o l i d a t e d ,  c o h e s iv e ,  b i o l o g i c a l l y  rew orked  
s e d im e n ts .
R e s u l t s  o f  s e a  f lum e e r o s io n  e x p e r im e n ts  a r e  l i s t e d  in  T ab le  V.
The e x p e r im e n ta l  v a l u e s  o f  t h r e s h o l d  s h e a r  s t r e s s e s  f o r  t h e  u n d i s tu r b e d
c o h e s iv e  b o ttom  s e d im e n ts  ( in  s i t u )  ra n g e d  from  0 .1 0  dynes/cm 2 t o
.71  dynes/cm 2 . C o r re sp o n d in g  t h r e s h o l d  s h e a r  v e l o c i t i e s  (u*) ran g ed
from .3 5  cm /sec  t o  .81  c m /sec .  T h re s h o ld  v e l o c i t i e s  (u iq q ) a t  100 cm
above t h e  b ed  ra n g e d  from 7 .5  cm /sec  t o  2 2 .3  c m /sec .  The ra n g e  o f
l a b o r a t o r y  t h r e s h o l d  v a l u e s  f o r  un rew orked  b ed s  r e p o r t e d  in  Young and
S o u th a rd * s  (1977) e x p e r im e n ts  a r e  g e n e r a l l y  g r e a t e r  th a n  t h e  v a lu e s
d e te rm in e d  in  s i t u  and o f  s i m i l a r  e s t u a r i n e  and s h e l f  muds as  r e p o r t e d
by o t h e r s  ( P a r t h e n i a d e s ,  1965, 1970; Krone, 1972; M igno t,  1968). I t
i s  a l s o  n o te w o r th y  t h a t  t h e  r e s u l t s  o f  Young and S o u th a rd * s  e x p e r im e n ts
show t h a t  u* f o r  t h e  c o h e s iv e ,  b i o t u r b a t e d  B uzzards  Bay muds i s  l e s s ,  c r  J
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Young and
C r u i s e
D ate
AST 74-4 
3 -1 -7 4
NATALE
RP-36 
GRAB 107 
RP-14
TABLE IV
COMPARISONS OF THE TEXTURAL CHARACTERISTICS OF 
YOUNG AND SOUTHARD * S (1978) MUDDY SEDIMENTS AND THE 
CHANNEL BOTTOM SEDIMENTS LOCATED AT STATION R-1A
S o u th a rd  (1978)
Sam pling 
Scheme ;
20 c o re s  
100 m t r a n s
Depth SAND
(% w t)
+- SILT -+ CLAY W ater
I n t e r v a l  > 62ym 62-16ym 16-2ym < 2ym C o n ten t
0 . 1 - 1 . 0  
(cm) 7+2 27+6 20+2 46+5 ~ 55% 
(by wt)
RAPPAHANNOCK ESTUARY CHANNEL - VICINITY OF R-1A
J o n e s  P o in t  -  Channel 
Tappahannock 
3 /4  m i. d o w n r iv e r  
from Tappahannock
(% w t)
SAND ' ' SILT CLAY
> 62u < 6 2 y S  > 4y < 4y
24 18 .2  5 7 .6
4 .3 6  2 9 .2  65 .61
4 .2  2 7 .0  6 8 .6
~ 20 % 
~ 50%
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TABLE V
RESULTS OF SEA FLUME EXPERIMENTS ( in  s i t u )
Young and S o u th a rd  (1978)
C r u i s e  T h r e s h o ld  T h re s h o ld
D ate  EXPERIMENT S h ea r  S t r e s s  V e l o c i t y
(100 cm above bed)
T o  u * 1 0 0
AST 74-17  E r o s io n  Around B io g e n ic  dynes/cm 2 cm/s
8 -1 5 -7 4  T ra c k s  and T r a i l s  ~ .12  8 .6
AST 74-18  E ro s io n  Around B io g e n ic
8 -2 0 -7 4  T rac k s  and T r a i l s  .12  8 .6
AST 74-18 E ro s io n  o f  F l a t  P a r t s
8 -2 0 -7 4  o f  Bed .2 4  1 2 .4
AST 74-21 E ro s io n  o f  F l a t  P a r t s
9 -1 9 -7 4  o f  Bed .41  14 .3
AST 74-24 E ro s io n  o f  F l a t  P a r t s
1 0 -3 0 -7 4  o f  Bed .71  2 2 .3
AST 75-1 
2 -4 -7 5
E ro s io n  o f  F l a t  P a r t s  
o f  Bed 7 .5
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r a t h e r  t h a n  m ore , t h a n u *  f o r  n o n - c o h e s iv e  f i n e  s a n d s .  T h is  i s  co n -  9 c r
t r a r y  t o  t h e  r e s u l t s  o f  H ju ls t r t tm  (1955) who p r e d i c t e d  t h a t u * c r  fo ^  muds 
i s  g r e a t e r  th a n u * Gr f o r  f i n e  sand  f o r  p a r t i a l l y  c o n s o l i d a t e d  muds.
F ig u r e  12 shows t h e  d i s t r i b u t i o n  o f  b o u n d a ry  l a y e r  s h e a r  s t r e s s e s  
v e r s u s  t im e  o v e r  one t i d a l  c y c le  d u r in g  peak  h ig h  f r e s h w a t e r  in f lo w  t o  
t h e  Rappahannock E s tu a r y  (March 2 6 -2 7 ) .  The maximum e s t i m a te d  v a lu e  
o f  c r i t i c a l  o r  t h r e s h o l d  s h e a r  s t r e s s ,  .71  dynes/cm 2 (a s  d e te rm in e d  by 
Young and S o u th a rd ,  1 9 7 7 ) ,  i s  g r e a t e r  th a n  any v a l u e  d e te rm in e d  from 
t h e  p r e v i o u s l y  p r e s e n t e d  e x p e r im e n ts  o f  P a r th e n ia d e s  (1970) and Krone 
(1 9 7 2 ) ,  i s  p l o t t e d  a g a i n s t  t h e  s h e a r  s t r e s s  c u rv e .  I t  i s  r e a d i l y  
a p p a r e n t  from F ig u r e  12 t h a t  t h e  d i s t r i b u t i o n  o f  t h e  m a g n itu d e s  o f  
s h e a r  s t r e s s  e x e r t e d  on t h e  e s t u a r y  bo tto m  s e d im e n ts  a t  s t a t i o n  R-1A 
d u r in g  h ig h  f r e s h w a t e r  in f lo w  (March 26 -27 )  g r e a t l y  ex ceed  t h e  e x p e r i ­
m e n t a l l y  d e te r m in e d  maximum t h r e s h o l d  s h e a r  s t r e s s  o f  .71  dynes/cm 2 
f o r  c o h e s iv e  s e d im e n ts  o f  s i m i l a r  t e x t u r a l  c o m p o s i t io n .  The d i s t r i b u ­
t i o n  o f  t h e  m a g n itu d e s  o f  s h e a r  s t r e s s  from March 26 -27  a r e  a l s o  
r e p r e s e n t a t i v e  o f  t h e  m ag n itu d e  o f  s h e a r  s t r e s s  from  March 28-29 
d u r in g  h ig h  f r e s h w a t e r  in f lo w .  The t h r e s h o l d  v a lu e  o f  .71  dynes/cm 2 
i s  ex ceed ed  in  b o th  t h e  f l o o d  and ebb p h a s e s  o v e r  t h e  f o u r  days o f  
f l o o d i n g  o f  w hich a  c o r r e s p o n d in g  n e t - r e s i d u a l  s h e a r  s t r e s s  o f  2 .5 8  
dynes/cm 2 in  t h e  ebb (seaw ard )  d i r e c t i o n  o c c u r r e d .
Based upon t h e  e v id e n c e  p r e s e n t e d ,  i t  c e r t a i n l y  seems p l a u s i b l e  
t h a t  d u r in g  t h e  f o u r  days  o f  h ig h  f r e s h w a t e r  in f lo w  (March 26-29) t o  
t h e  e s t u a r y  h e a d ,  c h a n n e l  b o tto m  s e d im e n ts  in  t h e  v i c i n i t y  o f  s t a t i o n  
R-1A c o u ld  have  v e r y  w e l l  been  e ro d e d ,  r e s u sp e n d e d  and t r a n s p o r t e d  
i n  a  n e t  seaw ard  d i r e c t i o n  f a r t h e r  down i n t o  t h e  e s t u a r y .  F u r th e r  
e v id e n c e  s u p p l i e d  from t h e  U n i te d  S t a t e s  G e o lo g ic a l  Su rvey  s t re am
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g a g in g  s t a t i o n s  a t  F r e d e r i c k s b u r g  i n d i c a t e s  t h a t  o f  t h e  su sp en d ed  
s ed im en t  c o n c e n t r a t i o n s  moving d o w n r iv e r  w i th  t h e  m a in s t re a m  i n f l u x  
d e l i v e r e d  t o  t h e  e s t u a r y  h e a d ,  11% o f  t h i s  su sp en d ed  sed im en t  lo a d  was 
g r e a t e r  t h a n  62ym ( s a n d ) .  In  a d d i t i o n ,  i f  one exam ines  F ig u r e s  10 and 
11, t i m e - v e l o c i t y  c u rv e s  a t  s t a t i o n  R-1A d u r in g  O p e ra t io n  HIFLO 
(March 2 6 - 2 7 ) ,  w hich  i s  r e p r e s e n t a t i v e  o f  t i d a l  c u r r e n t  v e l o c i t i e s  
o v e r  f o u r  days o f  h ig h  f r e s h w a t e r  in f lo w  t o  t h e  e s t u a r y  (March 2 6 -2 9 ) .  
Because  o f  t h e i r  l a r g e  a m p l i tu d e s ,  t h e s e  t i d a l  c u r r e n t s  a r e  r e s p o n s i b l e  
f o r  m ix in g  f r e s h  and s a l t w a t e r ,  w hich  c r e a t e s  e x c e s s  t u r b u l e n c e  t h a t  i s  
r e s p o n s i b l e  f o r  r e s u s p e n d in g  much sed im en t  from  t h e  bed  (a s  much as
4 .5  t im e s  g r e a t e r  t h a n  u n d e r  n o rm a l c o n d i t i o n s ) .
I t  c e r t a i n l y  a p p e a r s  e v id e n t  t h a t  s a n d - s i z e d  sed im en t can in d e ed  
move i n t o  t h e  e s t u a r i n e  s ed im en t  reg im e  d u r in g  h ig h  f r e s h w a t e r  in f lo w  
t o  t h e  e s t u a r y .  R iv e r - b o r n e  san d  can  be  t r a n s p o r t e d  i n t o  t h e  e s t u a r y  
e i t h e r  a s  p a r t  o f  t h e  su sp en d ed  lo a d  moving d o w n riv e r  w i th  t h e  f l o o d  
w a te r s  o r  e ro d e d  and re s u s p e n d e d  from  th e  b o tto m  as  a r e s u l t  o f  
b o u n d a ry  f lo w  s h e a r  a t  t h e  bed  o r  by t u r b u l e n t  m ix ing  o f  f r e s h  and 
s a l t w a t e r .  How f a r  t h e  r i v e r - b o r n e  sand  moves i n t o  t h e  e s t u a r y  may 
be d ep en d en t  upon t h e  m a g n itu d e  o f  f r e s h w a t e r  d i s c h a r g e  t o  t h e  e s t u a r y  
and t h e  r e l a t i v e  d i s t a n c e  t h a t  t h e  r e s u l t a n t  n e t - s e a w a r d  f lo w  a t  a l l  
d e p th s  d i s p l a c e s  t h e  i n n e r  l i m i t  o f  s a l t  i n t r u s i o n  ( in  a  seaw ard  
d i r e c t i o n ) .
Once t h e  e s t u a r y  r e c o v e r s  and t h e  s a l t  i n t r u s i o n  resum es  i t s  
a v e r a g e  p o s i t i o n  a lo n g  w i th  t h e  r e e s t a b l i s h m e n t  o f  i t s  b i - d i r e c t i o n a l  
f lo w  reg im e  in  t h i s  a r e a ,  r i v e r - b o r n e  sand  d e l i v e r e d  t o  t h e  e s t u a r y  
may s e t t l e  ou t  and become a  r e s i d e n t  o f  t h e  e s t u a r i n e  sed im en t re g im e .  
I t  i s  n o te w o r th y  a t  t h i s  p o i n t  t o  s t a t e  t h a t  t h e  HIFLO e v e n t  was one
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o f  f i v e  s i m i l a r  h ig h  r u n o f f  e v e n t s  in  1978. F lo o d in g  e v e n ts  on t h e  
o r d e r  o f  m a g n itu d e  o f  O p e ra t io n  HIFLO have  an a v e ra g e  r a t e  o f  o c c u r re n c e  
o f  once  a  y e a r .  T h e r e f o r e ,  i f  e v e n t s  o f  t h i s  n a t u r e  a r e  c o n s id e r e d  
c a p a b le  o f  t r a n s p o r t i n g  r i v e r - b o r n e  s a n d - s i z e d  sed im en t i n t o  t h e  
Rappahannock *s e s t u a r i n e  sed im en t r e g im e ,  t h e y  can  do so  on a r e l a ­
t i v e l y  p e r i o d i c  b a s i s .  C o n se q u e n t ly ,  t h e  s h o r t - t e r m  e f f e c t s  o f  
p e r i o d i c  f l o o d i n g  e v e n t s  upon sed im en t t r a n s p o r t  p a t t e r n s  may d i s r u p t  
and p ro d u c e  a  change  in  t h e  lo n g - te r m  sed im en t  d i s p e r s a l  p a t t e r n s  i n  
a  p a r t i c u l a r  e s t u a r y .
IV. METHODS FOR INFERRING SEDIMENT MOVEMENT AND LOCAL SEDIMENT 
SOURCES WITH THE RAPPAHANNOCK RIVER-ESTUARY SYSTEM
T r a d i t i o n a l  M ethods f o r  T r a c in g  Sand Movement
In t h e  p a s t ,  many m ethods have  been  employed t o  t r a c e  t h e  movement 
o f  san d  u n d e r  h y d r a u l i c  t r a n s p o r t .  The p a r t i c u l a r  method u sed  t o  t r a c e  
san d  movement i s  u s u a l l y  d i c t a t e d  by t h e  n e e d s  o f  a  p a r t i c u l a r  e x p e r i ­
m ent. T h is  c o u ld  v a r y  be tw een  a s im p le  d e s i r e  t o  know t h e  g e n e r a l  
d i r e c t i o n  o f  s ed im en t movement t o  a f u l l  f l e d g e d  sa n d -b u d g e t  a n a l y s i s ,  
i n c l u d i n g  volume r a t e s .  F o r  t h e  p u rp o s e s  o f  t h i s  e x p e r im e n t ,  i t  i s  
i n t e n d e d  t o  q u a n t i t a t i v e l y  d e te rm in e  w h e th e r  r i v e r - b o r n e  s a n d ,  o r i g i ­
n a t i n g  i n  t h e  u p p e r  r e a c h e s  o f  t h e  Rappahannock a s  w e l l  a s  any o t h e r  
p o t e n t i a l  s an d  so u rc e  w i t h i n  t h e  r i v e r i n e  zone , i s  found  w i th in  th e  
e s t u a r i n e  sed im en t re g im e .  T h ree  r e l e v a n t  t r a d i t i o n a l  t e c h n iq u e s  
w hich m igh t s u p p ly  t h i s  q u a n t i t a t i v e  in f o r m a t io n  on s a n d - s i z e d  sed im en t 
w i th in  t h e  Rappahannock R iv e r - E s tu a r y  System a r e :
1 . )  F l u o r e s c e n t  dye m arking, and i r r a d i a t i o n  o f  q u a r t z  
p a r t i c l e s  ( a r t i f i c i a l  t r a c e r s ) .
2 . )  P a r t i c l e  g r a i n - s i z e  d i s t r i b u t i o n s .
3 . )  P a r t i c l e  g r a i n - s h a p e  c h a r a c t e r i s t i c s .
Each o f  t h e s e  m ethods p o s s e s s e s  c e r t a i n  s t r e n g t h s  and w eaknesses  w i th  
r e g a r d  t o  s p e c i f i c  a p p l i c a t i o n s  t o  t h e  p r e v i o u s l y  o u t l i n e d  o b j e c t i v e s  
o f  t h i s  r e s e a r c h  p r o j e c t .  A b r i e f  d i s c u s s i o n  f o l l o w s  r e g a r d in g  th e  
i n t e n d e d  a p p l i c a t i o n s  o f  each  m ethod t o  t h e  p r e s e n t  s tu d y .
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1 . )  A r t i f i c i a l  T r a c e r s  -  F lu o r e s c e n t  dye m ark ing  and i r r a d i a t i o n  o f
q u a r t z  p a r t i c l e s
The p r im a ry  p r e r e q u i s i t e  o f  any  g r a i n s  u s e d  t o  t r a c e  sed im en t  move­
ment i s  t h a t  t h e y  m ust b e  p h y s i c a l l y  s i m i l a r  t o  t h e  n a t u r a l  g r a i n s  a t  
t h e  s tu d y  s i t e ,  r e g a r d l e s s  o f  t h e  t r a c i n g  medium em ployed. T h is  i s  
u s u a l l y  a c c o m p lish e d  by  e x t r a c t i n g  g r a i n s  from  t h e  a c t u a l  t e s t  s i t e ,  
m ark in g  and th e n  r e i n t r o d u c i n g  t h e  g r a i n s  t o  t h e  s i t e .  F l u o r e s c e n t  
t r a c e r  c o a t i n g s  v i a  f l u o r e s c e n t  d y es  on san d  p a r t i c l e s  h a s  p ro v e d  t o  
be  a  u s e f u l  m ethod o f  t r a c i n g  san d  movement. T h is  m ethod h a s  been  
em ployed in  many f i e l d  and l a b o r a t o r y  e x p e r im e n ts  s i n c e  t h e  m id d le  
1950’ s .  D i f f e r e n t  m ethods o f  d y e in g  and t h e i r  t e c h n i q u e s  have  been 
d e s c r i b e d  in  t h e  l i t e r a t u r e  (B ruun , 1962; W rig h t ,  1962; Y asso , 1962). 
A r t i f i c i a l l y  in d u c e d  r a d i o a c t i v i t y  on q u a r t z  san d  p a r t i c l e s  h a s  a l s o  
been  employed a s  a  m ethod o f  t r a c i n g  san d  movement. Inman and 
C h am b erla in  (1959) l a b e l e d  san d  p a r t i c l e s  t o  i n v e s t i g a t e  t h e  t r a n s ­
p o r t  o f  b each  sand  u n d e r  t h e  i n f l u e n c e  o f  wave a c t i o n .  S i m i l a r  
e x p e r im e n ts  u s in g  i r r a d i a t e d  q u a r t z  p a r t i c l e s  were p re fo rm e d  by 
G i l b e r t  and C o rd e i ro  (1964) on b e a c h e s  o f  Povoa do Varzim H a rb o r ,  
P o r t u g a l .
In  te rm s  o f  u s e f u l  a p p l i c a t i o n  o f  a r t i f i c i a l  t r a c e r s  in  t h e  p r e ­
s e n t  s tu d y ,  l o g i c a l  and p r a c t i c a l  h in d r a n c e s  a r i s e .  T r a c e r  m a t e r i a l  
must be r e l e a s e d  d i r e c t l y  on t h e  san d  s u r f a c e .  Any g r a i n s  r e l e a s e d  
in  w a te r  may b e  c a r r i e d  away in  t h e  f lo w  u n t i l  s e t t l i n g  t a k e s  p l a c e .  
E norm ously  l a r g e  amounts o f  s an d  p a r t i c l e s  would have  t o  b e  m arked 
in  o r d e r  t o  be d e t e c t e d  any s i g n i f i c a n t  d i s t a n c e  (60-70  km) from  th e  
i n j e c t i o n  p o i n t  s i n c e  t h e  b u lk  o f  t h e  ta g g e d  m a t e r i a l  i s  l i k e l y  t o  
be  r a p i d l y  d i l u t e d  th ro u g h  m ix ing  w i th  n a t i v e  m a t e r i a l  o r  e l s e  b u r i e d
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and s e l e c t i v e l y  removed from  th e  zone o f  a c t i v e  t r a n s p o r t .  In  a d d i t i o n ,  
t h e  t im e  and exp en se  o f  c o r r e c t l y  m o n i to r in g  t h i s  t y p e  o f  e x p e r im en t  
was n o t  a v a i l a b l e  t o  t h e  r e s e a r c h e r .
2 . )  P a r t i c l e  G r a in - S iz e  D i s t r i b u t i o n s
G r a i n - s i z e  d i s t r i b u t i o n s  have  p ro v e n  u s e f u l  i n  d e te r m in in g  
d e p o s i t i o n a l  e n v iro n m e n ts  o f  n e r i t i c  and c o a s t a l  s e d im e n ts  w here s i z e  
d i s t r i b u t i o n  g r a d i e n t s  a r e  r e l a t e d  t o  v a r i o u s  t r a n s p o r t  re g im e s .
Bascom (1959) exam ined t h e  r e l a t i o n s h i p  be tw een  sand  s i z e  and beach  
f a c e  s lo p e  on s e l e c t e d  P a c i f i c  C o as t  b e a c h e s  o f  t h e  U n i te d  S t a t e s .
I t  was shown t h a t  t h e  b e a c h - f a c e  s lo p e  i s  p r i n c i p a l l y  c o n t r o l l e d  by 
two f a c t o r s :  (1) s i z e  o f  t h e  s a n d ,  and (2) i n t e n s i t y  o f  wave a c t i o n .
M i l l e r  and Z e i g l e r  (1958) p r e s e n t e d  a  t h e o r e t i c a l  model f o r  t h e  e x p e c te d  
p a t t e r n s  o f  s e d i m e n t - s i z e  s o r t i n g  i n  t h e  r e g io n  o f  s h o a l i n g  wave, 
b r e a k e r  and b each  f o r e s h o r e .  The d a t a  from t h i s  s tu d y  was compared 
w i th  d e t a i l e d  o b s e r v a t i o n s  i n  n a t u r a l  s i t u a t i o n s  o f  s ed im en t s i z e  and 
s o r t i n g  p a t t e r n s  w hich r e s u l t e d  i n  a  good ag reem en t w i th  t h e  m odel.  
Klovan (1966) employed f a c t o r  a n a l y s i s  t o  d e te rm in e  d e p o s i t i o n a l  
e n v iro n m e n ts  from g r a i n - s i z e  d i s t r i b u t i o n s  o f  s e d im e n ts  c o l l e c t e d  from 
B a r a t a r i a  Bay, L o u i s ia n a .  Klovan d e te rm in e d  t h a t  t h r e e  f a c t o r s  (a s  
a  r e s u l t  o f  t h e  f a c t o r  a n a l y s i s )  a d e q u a te ly  d e s c r i b e  t h e  g r a i n - s i z e  
v a r i a t i o n s  i n  t h e  s am p le s .  Each o f  t h e  t h r e e  f a c t o r s  r e p r e s e n t e d  
t h r e e  b a s i c  k in d s  o f  e n e rg y  r e s p o n s i b l e  f o r  t h e  d e p o s i t i o n  o f  s e d i ­
m e n ts :  w ind-wave e n e rg y ,  c u r r e n t  e n e rg y  and g r a v i t a t i o n a l  e n e rg y .
Based on t h e  e v id e n c e  p r e s e n t e d ,  Klovan s u g g e s te d  t h a t  t h e  g r a i n - s i z e  
d i s t r i b u t i o n s  a r e  r e l a t e d  t o  t h e  r e l a t i v e  amounts o f  t h e  t h r e e  ty p e s  
o f  e n e rg y  a c t i v e  a t  t h e  d e p o s i t i o n a l  s i t e s .
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A g r a i n - s i z e  d i s t r i b u t i o n  a n a l y s i s  p r e s e n t s  c e r t a i n  m e r i t s  w i th  
r e s p e c t  t o  i t s  a p p l i c a t i o n  in  t h e  Rappahannock System . Of t h e  sand  
sam ples  t h a t  w ere  s i e v e d  a t  w hole p h i  (cfO i n t e r v a l s  i n  t h e  Rappahannock, 
c e r t a i n  t r e n d s  a r e  e v i d e n t .  Sand n e a r  F r e d e r i c k s b u r g  c o n t a i n s  a  l a r g e r  
p e r c e n t a g e  (a b o u t  50-70%) o f  c o a r s e r  sand  s i z e s  (—1$ t o  2<f> ) ; t h i s  
p e r c e n ta g e  seems t o  g r a d u a l l y  d e c r e a s e  dow nstream  t o  a p p ro x im a te ly  20- 
30% n e a r  P o r t  R oya l .  T h i s  may b e  a r e s u l t  o f  s e l e c t i v e  s i z e - s o r t i n g  
w i t h i n  t h e  f l u v i a l  r e a c h e s .  At H orse  Head P o in t  and Fones C l i f f s ,  
h i g h e r  p e r c e n t a g e s  (70-90%) o f  f i n e r  sand  s i z e s  (2<j>-3<|>) c o n ta in e d  
w i t h i n  b o tto m  se d im e n ts  a r e  more p ro n o u n ced . T h is  may be  a t t r i b u t e d  
t o  t h e  c o n s t a n t  d e n u d a t io n  o f  t h e s e  s a n d - s i z e s  from t h e  b l u f f s  i n t o  
t h e  a c t i v e  t r a n s p o r t  sy s te m . As t h e  e s t u a r y  i s  a p p ro a c h e d ,  t h e  s a n d -  
s i z e  d i s t r i b u t i o n  i s  a lm o s t  e x c l u s i v e l y  f i n e r  th a n  2(J> ( .2 5  mm) e x c e p t  
a lo n g  t h e  e s t u a r y  s h o a l s  w here c o a r s e r  s i z e s  (0<f*—2<>) o c c u r r e d  c l o s e  t o  
t h e  f a s t  la n d  f l a n k s  o f  t h e  e s t u a r y .  A lth o u g h  a more c o m p le te  d e t a i l e d  
a n a l y s i s  o f  g r a i n - s i z e  d i s t r i b u t i o n s  may g iv e  some i n d i c a t i o n s  o f  t h e  
t r a n s p o r t  o f  san d  w i t h i n  t h e  sys tem  w i th  r e s p e c t  t o  l o c a l  s o u rc e  
m a t e r i a l ,  i t  s t i l l  e l u d e s  t h e  q u e s t i o n  o f  i d e n t i f y i n g  r i v e r - b o r n e  
s an d s  w i t h i n  t h e  e s t u a r i n e  sed im en t re g im e .  T h is  t y p e  o f  a n a l y s i s  
w ould  n o t  be  a b le  t o  answ er t h i s  q u e s t i o n  b a se d  s o l e l y  on t h e  t r e n d s  
o r  g r a d i e n t s  i n  t h e  g r a i n - s i z e  d i s t r i b u t i o n s .
3 . )  P a r t i c l e  G ra in -S h a p e  C h a r a c t e r i s t i c s
In  t h e  p a s t ,  q u a r t z  san d  p a r t i c l e  shape  m orpho logy  h a s  been  u sed  
t o  a s s o c i a t e  a  p a r t i c u l a r  q u a r t z  san d  sh ap e  w i th  a  p a r t i c u l a r  sand  
p ro v e n a n ce  o r  s e d im e n ta r y  p r o c e s s  h i s t o r y .  T r a d i t i o n a l l y ,  more e lem en­
t a r y  s e m i - q u a n t i t a t i v e  d e s c r i p t i o n s  o f  q u a r t z  sand  p a r t i c l e  sh ap e s
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have  been  employed t o  i n v e s t i g a t e  v a r i o u s  q u e s t i o n s  r e l a t i n g  t h e  s an d -  
p a r t i c l e  shape  m orphology  t o  i t s  d e p o s i t i o n a l  en v iro n m en t o r  i t s  
t r a n s p o r t  h i s t o r y .  W adell (1935) in t r o d u c e d  a m ethod o f  in d e x in g  sand  
( q u a r t z )  p a r t i c l e  sh ap e s  by  m e a su r in g  t h e  ro u n d n e s s  ( t h e  a v e ra g e  r a d i u s  
o f  c u r v a t u r e  o f  a l l  t h e  c o m e r s  d i v i d e d  by t h e  r a d i u s  o f  t h e  l a r g e s t  
i n s c r i b e d  c i r c l e )  and s p h e r i c i t y  ( r a t i o  o f  t h e  l e n g th s  o f  t h e  m a jo r  
and m in o r  p a r t i c l e  a x e s ) . Powers (1953) d e v e lo p e d  a s e m i - q u a n t i t a t i v e  
ro u n d n e s s  s c a l e  w hich  ro u n d n e s s  v a l u e s  a r e  o b ta in e d  by  com parison  w i th  
p h o to g r a p h ic  c h a r t s  f o r  s an d  g r a i n s  where a  p e r f e c t  b a l l  h a s  a  ro u n d ­
n e s s  o f  1 .0 .  Use o f  t h e  Powers* ro u n d n e s s  im ages f o r  san d  g r a i n s  was 
f u r t h e r  f a c i l i t a t e d  by a  l o g a r i t h m i c  s c a l e  (p) i n  which t h e  l i m i t s  o f  
v e r y  a n g u la r  c l a s s e s  a r e  t a k e n  a s  0 . 0 - 1 . 0  up t o  v e r y  ro u n d  5 . 0 - 6 . Op 
(F o lk ,  1974).
A p p ro x im a te ly  a  d ecad e  ag o , F o u r i e r  g r a i n - s h a p e  a n a l y s i s  was i n t r o ­
duced  a s  a  more p r e c i s e  and l e s s  s u b j e c t i v e  n u m e r ic a l  m ethod f o r  
a n a ly z in g  tw o -d im e n s io n a l  p a r t i c l e  s h a p e s .  Schwarcz and Shane (1969) 
em ployed F o u r i e r  m ethods in  r e d e f i n i n g  W ade ll* s  (1935) m easu re  o f  
ro u n d n e s s  in  q u a r t z  p a r t i c l e s .  E h r l i c h  and W einberg (1970) s u g g e s te d  
t h a t  t h e  u s e  o f  F o u r i e r  ha rm o n ic  a m p l i tu d e s  a s  a  new m easu re  o f  
d e s c r i b i n g  t h e  t o t a l  sh ap e  o f  a  q u a r t z  p a r t i c l e .  E h r l i c h  and o t h e r s  
have  a p p l i e d  t h i s  t e c h n i q u e  i n  f i e l d  s t u d i e s  t o  d e m o n s t r a t e  t h a t  q u a r t z  
g r a i n s ,  in  s e l e c t e d  s i z e  r a n g e s ,  p o s s e s s  c e r t a i n  q u a n t i f i a b l e  shape  
c h a r a c t e r i s t i c s  c o n ta i n e d  in  t h e  d i s t r i b u t i o n  o f  h a rm on ic  a m p l i tu d e s .  
They b e l i e v e  t h a t  t h e s e  d i s t r i b u t i o n s  r e f l e c t  e i t h e r  t h e  s o u rc e  o r i g i n  
l o c a l e  o r  t h e  p r o c e s s  h i s t o r y  o f  t h e  g r a i n s  (P rz y g o k i ,  1971; Y a ru s ,
1976, 1978; Brown, 1978; E h r l i c h ,  e t  a l . ,  1980). More r e c e n t l y ,  Boon, 
e t  a l .  (1982, in  p r e s s )  employed F o u r i e r  m ethods t o  i n t e r p r e t  g r a i n -
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sh ap e  in f o r m a t io n  o f  com puter d i g i t i z e d  tw o -d im e n s io n a l  im ages . Boon 
(1982) em ployed b an d w id th  a v e r a g in g  o f  c e r t a i n  s e l e c t e d  F o u r i e r  h a r ­
m onics  t o  d e s c r i b e  " b a n d - s p e c i f i c 11 e le m e n ts  o f  q u a r t z  p a r t i c l e  sh ap e s  
o v e r  a  d e f i n e d  r a n g e  o f  l o g a r i t h m i c a l l y  t r a n s f o r m e d  F o u r i e r  harm onic  
a m p l i tu d e  v a l u e s .
As s t a t e d  p r e v i o u s l y ,  p a r t i c l e  s h a p e ,  a s  a  c o n t r a s t a b l e  a t t r i b u t e ,  
was exam ined in  t h e  q u a r t z  f r a c t i o n  o f  t h e  s e d im e n ts  sam pled  in  t h e  
Rappahannock sy s te m . On t h e  b a s i s  o f  t h i s  s a m p l in g ,  i t  was found  t h a t  
t h e s e  a t t r i b u t e s ,  i n  m u l t i v a r i a t e  form ( c l a s s  i n t e r v a l s  o f  harm onic  
a m p l i tu d e )  s e r v e s  t o  d i f f e r e n t i a t e  t h e  s a n d - s i z e d  sed im en t a c c o rd in g  
t o  t h r e e  fu n d a m e n ta l  t y p e s  (en d -m em b ers ) . I t  i s  t h e  d i s t r i b u t i o n  o f  
t h e s e  t y p e s  t h a t  w i l l  a l lo w  q u a n t i t a t i v e  i n f e r e n c e s  t o  be made ab o u t 
i d e n t i f i a b l e  san d  p ro v e n a n c e s  w i t h i n  t h e  r i v e r i n e  zone and t h e i r  
c o n t r i b u t i o n  t o  t h e  Rappahannock R i v e r - E s tu a r y  s e d im e n ta ry  sy s tem . 
T h e r e f o r e ,  F o u r i e r  g r a i n - s h a p e  a n a l y s i s  a p p e a r s  t o  be w e l l  s u i t e d  f o r  
t h e  o b j e c t i v e s  o f  t h i s  i n v e s t i g a t i o n  in  t h a t  i t  can a t te m p t  t o  q u a n t i ­
t a t i v e l y  d e te rm in e  w h e th e r  o r  n o t  r i v e r - b o r n e  san d  shape  a t t r i b u t e s  
a r e  p r e s e n t  w i th in  t h e  e s t u a r i n e  sed im en t re g im e .
V. INTRODUCTION TO FOURIER ANALYSIS
The p u rp o s e  o f  t h i s  s e c t i o n  i s  t o  d e s c r i b e  t h e  b a s i c  c o n c e p ts  
in v o lv e d  in  t h e  F o u r i e r  m ethod a s  employed in  t h i s  i n v e s t i g a t i o n .  For 
f u r t h e r  d e t a i l e d  in f o r m a t io n  on t h i s  m ethod , t h e  r e a d e r  i s  r e f e r r e d  t o  
Boon, e t  a l .  (1982 , in  p r e s s ) .
F o u r i e r  g r a i n  sh ap e  a n a l y s i s  a l lo w s  a q u a n t i t a t i v e  d e s c r i p t i o n  o f  
h i g h l y  complex g r a i n  sh a p e s  by  means o f  a F o u r i e r  s e r i e s  in  a  c lo s e d  
form . The p r o c e d u r e  may be compared w i th  c o n v e n t io n a l  t i m e - s e r i e s  
a n a l y s i s  o f  a c o n t in u o u s  p e r i o d i c  f u n c t i o n  S ( t )  = S ( t  + T ) .  F ig u re  13 
shows t h a t  t h e  same may b e  done f o r  a  f u n c t i o n  R(Q) w hich  d e s c r i b e s  
t h e  tw o -d im e n s io n a l  sh ap e  o f  a  p a r t i c l e  in  p o l a r  c o o r d i n a t e s  where 
R ( 0 )  = R ( 0 + 2 i t ) .  H ence, t h e  a p p ro x im a t io n  o f  t h e  F o u r i e r  s e r i e s  i s  
e x p r e s s e d  a s :
n -1
R(0) = R Z R c o s ( n 0 -  $ ) + % R cos(N0) v J o i n n '  nn = l
(2 )
w h e re :
R(0) = t r u e  p a r t i c l e  sh ap e  e x p re s s e d  a s  a  c o n t in u o u s  f u n c t io n
Ro
o f  p o l a r  a n g le .
mean r a d i u s  from th e  o r i g i n  ( g r a in  c e n t r o i d )  t o  t h e  edge
0
o f  t h e  p a r t i c l e .
p o l a r  a n g le s  m easu red  from an a r b i t r a r y  r e f e r e n c e  l i n e  
a t  e q u a l  in c re m e n t s  ( 3 .7 5 ° )  th ro u g h  2tt r a d i a n s .
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Figure 13 Two d im e n s io n a l  san d  g r a i n  image shown in  x 
(a )  and p o l a r  c o o r d in a t e  (b) form.
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Rn<J>n = t h e  a m p l i tu d e  and p h a se  a n g l e ,  r e s p e c t i v e l y ,  o f  t h e  n t h  
ha rm o n ic  te rm .
N = s u f f i c i e n t  number o f  ha rm o n ic  te rm s  o f  w hich t h e  a p p r o x i ­
m a t io n  can  be  made t o  f i t  t h e  p a r t i c l e  shape  as  c l o s e l y  
a s  r e q u i r e d .
In E q u a t io n  ( 2 ) ,  t h e  n t h ,  o r  h i g h e s t  F o u r i e r  ha rm on ic  num ber, c a n ­
n o t  e x ceed  o n e - h a l f  t h e  number o f  d i s c r e t e  d a t a  p o i n t s  o b t a in e d  d u r in g  
m easurem ent o f  t h e  g r a i n  b o u n d a ry  ( t h i s  i s  som etim es r e f e r r e d  t o  a s  t h e  
N y q u is t  f r e q u e n c y ) .  C u r r e n t l y ,  t h e  h i g h e s t  ha rm on ic  o f  p r a c t i c a l  u s e  
i s  ha rm on ic  24. The u l t i m a t e  f i t  t o  t h e  f u n c t i o n  R(9) i s  a s s u r e d  by t h e  
fu n d a m e n ta l  a n g u l a r  p e r i o d  (2ir r a d i a n s )  b e lo n g in g  t o  any c lo s e d  tw o- 
d im e n s io n a l  sh ap e  i n  p o l a r  c o o r d i n a t e s ,  i . e . ,  t h e  o u t l i n e  o f  t h e  g r a i n  
b o u n d a ry  m ust r e p e a t  e x a c t l y  eac h  2ir r a d i a n s  and i s  t h e r e f o r e  c o m p le te ly  
p e r i o d i c .  The c e n t r a l  in f o r m a t io n  s u p p l i e d  by  t h e  F o u r i e r  a n a l y s i s  
and s u b s e q u e n t ly  u sed  t o  c o n t r a s t  q u a r t z  p a r t i c l e s  w i th  " d i f f e r e n t 11 
s h a p e s  i s  t h e  number v a lu e  o f  t h e  24 h a rm on ic  a m p l i tu d e s  g iv e n  in  
d im e n s io n le s s  form a f t e r  d i v i s i o n  by  t h e  mean r a d i u s  ( z e r o th  ha rm on ic )  
i n  each  g r a i n .  In  a  sam ple in  w hich 400 g r a i n  sh ap e s  a r e  a n a ly z e d ,  
t h e r e  a r e  th e n  400 n o rm a l iz e d  a m p l i tu d e s  a t  each  h a rm o n ic ,  and i t  i s  
t h e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  t h e s e  i te m s  ( a t ,  f o r  exam ple, t h e  1 8 th  
h a rm o n ic )  t h a t  i s  u s e d  t o  c h a r a c t e r i z e  t h e  shape  p r o p e r t i e s  o f  th e  
g r a i n  p o p u l a t i o n  from w hich t h e  sam ple i s  drawn. F o llo w in g  th e  
p r a c t i c e  o f  Boon, e t  a l .  (1982 , in  p r e s s ) ,  a  sh ap e  "window" i s  u t i l i z e d  
c o n s i s t i n g  o f  t h e  RMS a v e ra g e  o f  t h e  1 8 th ,  1 9 th ,  2 0 th  and 2 1 s t  h a r ­
monic a m p l i tu d e s  from each  g r a i n  a n a ly z e d .  The l a t t e r  a u th o r s  have 
p r e s e n t e d  e v id e n c e  s u g g e s t i n g  t h i s  a s  a s t a n d a r d  b an d w id th  in  t h e
h i g h e r  ha rm on ic  r a n g e  w here maximum c o n t r a s t a b l e  sh ap e  in f o r m a t io n  
be tw een  sam ples  i s  l i k e l y  t o  be found  f o r  q u a r t z  p a r t i c l e s  in  t h e  
ra n g e  o f  f i n e  san d  (2-3<j>; .. 25 mm - .125 mm).
VI. FOURIER GRAIN-SHAPE ANALYSIS RESULTS
F o u r i e r  g r a i n - s h a p e  a n a l y s i s  i s  p e rfo rm ed  on n i n e t y - f o u r  s e l e c t e d  
san d  sam ples  from t h e  Rappahannock R iv e r  and E s tu a r y  as  w e l l  a s  sand  
sam ples  from s e d im e n ta ry  m a t e r i a l  composing t h e  f a s t l a n d  b l u f f s  d i r e c t l y  
f l a n k i n g  c e r t a i n  p o r t i o n s  o f  t h e  r i v e r .  The n i n e t y - f o u r  sam ples  a r e  
s e l e c t e d  on t h e  b a s i s  o f  sam ple  l o c a t i o n .  T h i r t y - e i g h t  o f  t h e  sam ples  
a r e  l o c a t e d  w i t h i n  t h e  r i v e r  zone ( F r e d e r i c k s b u r g  t o  P o r t  R oyal) con­
s i s t i n g  o f  sam ples  from b o th  t h e  r i v e r  c h an n e l  and c h a n n e l  b a r s .  
T w e n ty - fo u r  sam ples  a r e  l o c a t e d  w i t h i n  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  
zone (P o r t  Royal t o  Tappahannock) c o n s i s t i n g  o f  sam ples  from t h e  r i v e r  
c h a n n e l  and f l a n k i n g  s h o a l s .  T w e n ty - fo u r  sam ples  a r e  l o c a t e d  w i th in  
t h e  e s t u a r y  zone (Tappahannock t o  W indm ill P o in t )  c o n s i s t i n g  o f  sam ples  
from t h e  e s t u a r y  c e n t r a l  c h a n n e l  and f l a n k i n g  s h o a l s  w i th  em phasis  on 
sam ples  from w i t h i n  t h e  e s t u a r y  c h a n n e l .  The t e n  r e m a in in g  sam ples  
came from s e d im e n ta ry  m a t e r i a l  composing t h e  f a s t l a n d  b l u f f s  d i r e c t l y  
f l a n k i n g  t h e  r i v e r  and  e s t u a r y  a t  Rock C reek  T u rn , H orse  Head P o i n t ,  
Fones C l i f f s  and J o n e s  P o i n t .  These  sam ples  w ere ta k e n  d i r e c t l y  from 
t h e  b l u f f  m a t e r i a l  a s  w e l l  a s  from t h e  beach  m a t e r i a l  a t  t h e  b a s e  o f  
t h e  b l u f f s .
P e r fo rm in g  F o u r i e r  g r a i n - s h a p e  a n a l y s i s  on t h e s e  n i n e t y - f o u r  
sam ples  s h o u ld  y i e l d  a f a i r l y  d e t a i l e d  d e s c r i p t i o n  o f  t h e  s p a t i a l  
d i s t r i b u t i o n  o f  any i d e n t i f i a b l e  q u a r t z  p a r t i c l e  shape  p o p u la t io n s  
w i t h i n  t h e  Rappahannock R iv e r - E s t u a r y  System . The m e a n in g fu l  g r a i n -
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sh ap e  i n f o r m a t i o n  w i l l  t h e n  be  f u r t h e r  f a c i l i t a t e d  by  t h e  u s e  o f  Q-mode 
f a c t o r  a n a l y s i s .  T h is  t y p e  o f  m u l t i v a r i a t e  a n a l y s i s  w i l l  a t t e m p t  t o  
show any d i s c e r n i b l e  t r e n d - g r a d i e n t s  i n  t h e  d i s t r i b u t i o n  o f  s a n d - sh a p e  
c h a r a c t e r i s t i c s  th ro u g h o u t  t h e  r i v e r - e s t u a r y  sy s tem . A d i s c u s s i o n  o f  
Q-mode a n a l y s i s  w i l l  be  p r e s e n t e d  i n  a  l a t e r  s e c t i o n .
Sample P r e p a r a t i o n
The n i n e t y - f o u r  s e l e c t e d  san d  sam ples  from t h e  Rappahannock R iv e r -  
E s tu a r y  a r e  f i r s t  d r y - s i e v e d  (V ia  Ro-Tap) t o  s e p a r a t e  t h e  2—3cf> ( .2 5 -  
.125 mm; 250-125ym) f i n e  san d  s i z e  f r a c t i o n .  T h is  p a r t i c u l a r  s i z e  
f r a c t i o n  i s  chosen  f o r  sh ap e  a n a l y s i s  f o r  t h r e e  r e a s o n s :  (1) t h i s  s i z e
f r a c t i o n  i s  w i t h i n  t h e  m o b ile  s a n d - s i z e  r a n g e  as  p r e d i c t e d  by  H ju ls tr 'dm  
(1935) and t h a t  o f  Sundborg (1 9 5 6 ) ;  (2) u s in g  t h i s  s i z e  f r a c t i o n  m a in ­
t a i n s  a  c o n s i s t e n c y  o f  s i z e - s h a p e  a n a l y s i s  th r o u g h o u t  t h e  r i v e r - e s t u a r y  
s y s te m ; (3) u s e  o f  t h i s  s i z e  f r a c t i o n  would a l s o  e n a b le  q u a r t z  
p a r t i c l e  sh ap e  d a t a  from t h e  Rappahannock System  t o  be compared w i th  
o t h e r  g r a i n - s h a p e  a n a l y s i s  d a t a  o f  t h e  same s i z e  ra n g e  b u t  o f  d i f f e r ­
e n t  s e d im e n ta r y  p ro v e n a n c e s .
Once t h e  2-3(j> s i z e  f r a c t i o n  i s  s e p a r a t e d ,  t h e  san d  sam ple  i s  
immersed in  d i l u t e  HC1 (1 :1 )  t o  remove any p a r t i c l e  s u r f a c e  c o a t i n g s  
and d i s s o l v e  o r g a n ic  m a t e r i a l .  S tan n o u s  c h l o r i d e  (S n C l2 ) i s  u s e d  t o  
c a t a l y z e  t h e  r e a c t i o n .  I f  e x c e s s  amounts o f  o r g a n ic  m a t e r i a l  a r e  
p r e s e n t ,  t h e  sam ple i s  f i r s t  immersed in  30% hydrogen  p e r o x id e  f o r  
a p p r o x im a te ly  one h o u r  and th e n  immersed in  d i l u t e  h y d r o c h l o r i c  a c id  
f o r  a p p r o x im a te ly  o n e - h a l f  h o u r .  A f t e r  t h i s  p r o c e s s ,  t h e  sam ple i s  
r i n s e d  and r e a d y  f o r  e t c h i n g  o f  t h e  f e l d s p a r s .  In  o r d e r  t o  d i s t i n ­
g u is h  t h e  q u a r t z  p a r t i c l e s  from t h e  f e l d s p a r s ,  t h e  sam ple i s  immersed
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i n  h y d r o f l u o r i c  a c i d  (HF) f o r  t h r e e  m in u te s .  T h is  p r o c e s s  e t c h e s  t h e  
f e l d s p a r s  so  t h a t  t h e y  a p p e a r  p i t t e d  (Sw iss c h e e se  l i k e )  u n d e r  m a g n i f i ­
c a t i o n .  The sam ple  i s  th e n  r e r i n s e d  and d r i e d .  From t h i s  f i n i s h e d  
p r o d u c t ,  a p p r o x im a te ly  a  500 g r a i n  subsam ple  i s  drawn and i s  random ly 
and e v e n ly  d i s p e r s e d  a to p  o f  a  c l e a n  g l a s s  m ic ro s c o p e  s l i d e .  The 
p r e p a r e d  sam ple i s  t h e n  m ounted f o r  v iew  u n d e r  a  l i e t z  compound m ic ro ­
sco p e  w hich  h a s  a  v id e o  p r o j e c t i o n  d e v ic e  c o u p le d  t o  i t s  o c c u l a r .  The 
q u a r t z  san d  p a r t i c l e  sh a p e s  a r e  now r e a d y  t o  be  d i g i t i z e d .
C o m p u te r iz ed , Two-Dime n s i o n a l  D i g i t i z a t i o n  o f  Quar t z  Sand P a r t i c l e  
Shapes
The q u a r t z  san d  p a r t i c l e s  u n d e r  m a g n i f i c a t i o n  a r e  d i r e c t l y  p r o ­
j e c t e d  o n to  a  v id e o  image d i s p l a y  v i a  t h e  v id e o  p r o j e c t i o n  d e v ic e .  At 
t h i s  p o i n t ,  t h e  q u a r t z  p a r t i c l e s  a r e  r e a d i l y  d i s t i n g u i s h e d  from f e l d ­
s p a r ,  m ic a ,  h eav y  m i n e r a l s  o r  any f o r e i g n  m a t t e r  p r e s e n t  w i th in  t h e  
sam ple . In  a d d i t i o n ,  t h e  q u a r t z  g r a i n s  may a l s o  be v iew ed  th ro u g h  t h e  
e y e p ie c e  o f  t h e  compound m ic ro sc o p e  t o  f u r t h e r  e n s u r e  t h a t  o n ly  q u a r t z  
sand  p a r t i c l e s  w i l l  be  d i g i t i z e d .  The v id e o  image u s e d  t o  d i s p l a y  
t h e  tw o -d im e n s io n a l  q u a r t z  p a r t i c l e  s h a p e s ,  a id e d  by t h e  u s e  o f  a  
l i g h t  p e n ,  th e n  a u t o m a t i c a l l y  ’' d i g i t i z e s "  o r  draws each  q u a r t z  
p a r t i c l e  g r a i n  b o u n d a ry  th ro u g h  t h e  u s e  o f  an x - y  a r r a y  o r  g r i d  o f  
s e r i a l  o r d e r e d  d o t s  w hich  co m p rise  t h e  v id e o  d i g i t i z e d  image (Boon, 
e t  a l . ,  1982, in  p r e s s ) .  A minimum o f  400 q u a r t z  g r a i n s  a r e  d i g i t i z e d  
p e r  sam ple w hich  may t a k e  from 1 .5  t o  2 h o u rs  t o  c o m p le te .  The q u a r t z  
g r a i n  shape  d a t a  g e n e r a t e d  d u r in g  t h e  d i g i t i z a t i o n  p r o c e s s  i s  a u t o ­
m a t i c a l l y  t r a n s f e r r e d  t o  a m ic ro co m p u te r  w hich  th e n  s t o r e s  t h i s  
in f o r m a t io n  on m ic ro c o m p u te r  s t o r a g e  d i s k s  f o r  f u t u r e  r e t r i e v a l .
F o u r i e r  G ra in -S h ap e  D a ta  C o m p o si t io n  and G r a p h ic a l  O u tpu t
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F ig u r e  14 shows t h a t  t h e  two form s o f  g r a in - s h a p e  d a t a  o u tp u t  a r e  
g e n e r a t e d  f o r  each  o f  t h e  n i n e t y - f o u r  san d  sam ples  a n a ly z e d :  (a )  a m p li­
t u d e  f r e q u e n c y  t a b l e  and (b) a  h i s to g r a m  o f  t h e  d i s t r i b u t i o n  o f  
F o u r i e r  ha rm on ic  a m p l i tu d e s  o v e r  a  chosen  ra n g e  o f  F o u r i e r  h a rm o n ics  
(b a n d w id th ) .  The g r a i n - s h a p e  d a t a  f o r  e ach  sam ple i s  f i r s t  t a b u l a t e d  
i n  t h e  form  o f  i t s  a r i t h m e t i c  mean and s t a n d a r d  d e v i a t i o n  o f  t h e  
sam ples  r a n g e  o f  F o u r i e r  h a rm o n ic  a m p l i tu d e s  f o r  h a rm o n ic s  two th ro u g h  
t w e n t y - f o u r  ( F ig u re  1 4 a ) . These  v a l u e s  a r e  th e n  l o g a r i t h m i c a l l y  t r a n s ­
form ed t o  t h e  - l o g i o  s c a l e .  T h i s  i s  an a lo g o u s  t o  t h e  p h i  0i>) s c a l e  
lo g  t r a n s f o r m a t i o n  in  r e l a t i o n  t o  p a r t i c l e  g r a i n - s i z e s ,  w here  t h e  
g r a i n - s i z e ,  e x p r e s s e d  in  m i l l i m e t e r s ,  i s  c o n v e r te d  i n t o  u n i t s  o f  p h i  
( c j > )  by - l o g 2 t r a n s f o r m a t i o n .  From t h i s  d a t a  an a m p l i tu d e - f r e q u e n c y  
t a b l e  i s  g e n e r a te d  ( F ig u re  1 4 a ) .  T h is  t a b l e  d i s p l a y s  t h e  number 
f r e q u e n c y  a t  w hich t h e  q u a r t z  p a r t i c l e  s h a p e s ,  from th e  t o t a l  number 
o f  g r a i n s  w i th in  t h e  sam p le ,  f e l l  i n t o  a  p a r t i c u l a r  log  t r a n s f o r m e d  
F o u r i e r  ha rm o n ic  a m p l i tu d e  v a lu e  ( a b s c i s s a )  f p r  each  o f  t h e  two th ro u g h  
tw e n t y - f o u r  F o u r i e r  h a rm o n ic s  ( o r d i n a t e ) . H e n c e fo r th ,  t h e  a b s c i s s a  
v a l u e s ,  - l o g i o  F o u r i e r  h a rm o n ic  a m p l i tu d e s ,  w i l l  be d e s i g n a t e d  as  
w here = - l o g  a m p l i tu d e  o f  Rn »
Once t h e  a m p l i tu d e - f r e q u e n c y  t a b l e  h a s  been  g e n e r a t e d ,  a  g r a i n -  
shape  h i s to g r a m  i s  c o n s t r u c t e d  ( F ig u re  1 4 b ) . T h is  h i s to g r a m  r e p r e s e n t s  
t h e  d i s t r i b u t i o n  o f  t h e  g r a i n - s h a p e  a t t r i b u t e s  o f  a  p a r t i c u l a r  sample 
o v e r  a  d e f in e d  ra n g e  o f  v a l u e s  a v e ra g e d  f o r  t h e  1 8 th  . . .  2 1 s t  
h a rm o n ic s  (bandw id th  a v e r a g i n g ) . A sam ple mean and s t a n d a r d  d e v i a t i o n  
o f  i t s  d i s t r i b u t i o n  o v e r  t h e  ra n g e  o f  v a lu e s  f o r  t h e  1 8 th  . . .  2 1 s t  
h a rm o n ic s  i s  g iv e n  f o r  e ach  sam p le .  For t h e  p r e s e n t  s tu d y ,  ra n g e s
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F ig u re  14. The two forms o f  g r a i n - s h a p e  d a t a  g r a p h i c a l  o u tp u t :  
(a )  a m p l i tu d e - f r e q u e n c y  t a b l e ,  (b) h i s to g r a m  form.
MftlTUK-fREW ENCr TAILE
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HARMONIC ARITHMETIC LOGARITHMIC
NUMBER MEAN S.D. MEAN S.D.
2 0.16533 0.09896 0.87267 0.31052
3 0.12416 0.06598 0.98296 0.28990
4 0.07467 0.04216 1.20999 0.29642
5 0.05505 0.02994 1.32943 0.26397
6 0.04214 0.02407 1.43466 0.28303
7 0.03374 0.01923 1.54748 0.27181
8 0.02634 0.01663 1.67846 0.31777
9 0.02194 0.01241 1.74078 0.29573
10 0.01913 0.01190 1.80644 0.29977
11 0.01548 0.00883 1.89052 0.28900
12 0.01443 0.00864 1.92459 0.28873
13 0.01222 0.00799 2.00783 0.30894
14 0.01048 0.00612 2.06270 0.29100
15 0.01000 0.00650 2.09448 0.30936
16 0.00876 0.00609 2.15479 0.30690
17 0.00794 0.00496 2.18914 0.30073
18 0.00753 0.00482 2.21599 0.30700
19 0.00694 0.00449 2.25149 0.30635
20 0.00633 0.00421 2.29872 0.32312
21 0.00605 0.00393 2.31437 0.3108422 0.00351 0.00350 2.35262 0.30983
23 0,00538 0.00354 2.33874 0.29234
24 0.00*96 0,00333 2.41833 0.33413
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7 3 4 3 1 1 0
12 4 3 2 2 2 0
8 10 3 3 2 0 0
14 11 3 2 2 1 0
13 9 3 4 0 1 1
14 14 4 3 2 1 3
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-3
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-LOG AMPLITUDE
1.700 1.850 2.000 2.150 2.300 2.430 2.600 2.730 2.900 3.050
1.773 1.923 . 2.075 2.223 2.373 2.525 2.675 2.825 2.975
RPU230A 413 6RA1NS CLASS FREQUENCIES IN PERCENT 
1.20 1.45 1.45 3.86 8.67 10.36 13.66 15.66 16.14 9.40 7.71 4.10 2.63 0.48 0.96 0.00 0.24 0.00 0.00 0.00
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from 1 .7  t o  3 .0  w hich  i s  s u b d iv id e d  i n t o  16 e q u a l  c l a s s  i n t e r v a l s .  The 
num ber v a lu e s  a t  t h e  b o tto m  o f  F ig u r e  14b r e p r e s e n t  t h e  p e r c e n t a g e  t h a t  
each  c l a s s  i n t e r v a l  c o n t r i b u t e s  t o  t h e  t o t a l  d i s t r i b u t i o n  f o r  each  
p a r t i c u l a r  sam ple . T h is  d a t a  i s  g e n e r a t e d  f o r  u s e  in  t h e  Q-mode f a c t o r  
a n a l y s i s  so  t h a t  sam ple t o  sam ple co m p ar iso n s  o f  g r a i n - s h a p e  d i s t r i b u ­
t i o n s  can be  made.
R e p r e s e n ta t i o n  o f  Q u a r tz  G ra in -S h ap e  D ata  in  H is to g ram  Form
T a b le  VI l i s t s  t h i r t y  s e l e c t e d  q u a r t z  g r a i n - s h a p e  s a m p le s ,  d e p ic t e d  
i n  F ig u r e s  15 th ro u g h  17, w hich  b e s t  i l l u s t r a t e  t h e  t r e n d  g r a d i e n t s  o f  
t h e  d i s t r i b u t i o n  o f  F o u r i e r  ha rm o n ic  a m p l i tu d e s  f o r  t h e  1 8 th  . . .  2 1 s t  
h a rm o n ic s  w i t h i n  t h e  t h r e e  h y d r o g r a p h ic  zones  o f  t h e  Rappahannock 
R i v e r - E s tu a r y  System .
R iv e r  Zone
F ig u r e  15 shows t h e  d i s t r i b u t i o n  o f  F o u r i e r  harm onic  a m p l i tu d e s  
(Q^) f o r  t e n  s e l e c t e d  san d  sam ples  w hich  t e n d  t o  b e s t  i l l u s t r a t e  t h e  
d i s t r i b u t i o n  t r e n d s  o f  w i t h i n  t h e  r i v e r  zone (from  F r e d e r i c k s b u r g  
t o  P o r t  R o y a l ) .  The g e n e r a l  t r e n d  o f  q u a r t z  san d  sh ap e s  w i th in  t h e
r i v e r  zone show s 
i n d i c a t e d  by sam p les  RP010, RP062, RP089, RP093, RP101, RP070 and 
RP076. The a v e ra g e  mean o f  a l l  38 a n a ly z e d  c h a n n e 1 -b a r - s a n d s  from 
t h e  r i v e r  zone i s  2 .2 5 .  The c o r r e s p o n d in g  ra n g e  o f  s t a n d a r d  d e v i a t i o n s
f o r  t h e  t h i r t y - e i g h t  sam ples  i s  r e l a t i v e l y  n a rro w  from 0 .1 5 4  t o  0 .185
w i th  an a v e ra g e  s t a n d a r d  d e v i a t i o n  o f  0 .1 7 5 .  The n a rro w  ra n g e  o f  
s t a n d a r d  d e v i a t i o n  a lo n g  w i th  a c o n s i s t e n c y  o f  t h e  d i s t r i b u t i o n  o f  
v a lu e s  and means f o r  t h e s e  sam ples  i n d i c a t e  t h a t  q u a r t z  sand  p a r t i c l e  
sh ap e  d i s t r i b u t i o n s  w i t h i n  t h e  r i v e r  zone a r e  g e n e r a l l y  composed o f
ample means skewed to w a rd s  low er 0 v a lu e s  such  a s
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TABLE VI
LIST OF SELECTED QUARTZ PARTICLE-SHAPE HISTOGRAMS IN 
FIGURES 1 5 -1 7 , WHICH REPRESENT TRENDS IN THE DISTRIBUTION 
OF THE FOURIER HARMONIC AMPLITUDES FOR THE 1 8 t h . . . 2 1 s t  HARMONICS 
IN THE RAPPAHANNOCK RIVER-ESTUARY SYSTEM
RIVER ZONE
SAMPLE STATION MEAN STD. DEV. LOCATION
RP010 RK-01 2 .2 6 .177 F r e d e r i c k s b u r g  B ar-S o u th
RP062 RK-27 2 .1 8 .169 S m i t h f i e l d  B ar-C hanne l
RP076 RK-23 2 .2 6 .172 Moss Neck B ar-C hanne l
RP084 RK-21 2 .2 3 .163 M orlean R each-C hannel
RP089 RK-20 2 .2 8 .192 Hop Yard B ar-C hanne l
RP093 RK-19 2 .2 4 .172 Lagrange T u m -C h an n e l
RP098 RK-17 2 .2 5 .204 Mount B ar-C hanne l
RP033 RK-07 2 .3 1 .196 Rock Creek T u m -C h an n e l
RP034 RK-07 2 .3 7 . 165 Rock C reek  T u r n - B lu f f
RP101 RK-16 2 .2 4 .184 D.R. from C lev e -C h an n e l
RIVER-ESTUARY TRANSITION ZONE
RP036 RK-08 2 .2 0 .171 P o r t  R o yal-C hanne l
RP112 RK-30 2 .1 8 .195 P o r to b ag o  Bay-Channel
RP115 RK-31 2 . 42 .188 D e v i ls  E lbow -South
RP042 RK-10 2 .3 9 .185 H orse Head P o in t -C h a n n e l
RP-117 - 2 .4 5 .163 H orse Head P o i n t - B l u f f
R P-142 GRAB 110 2 .2 9 .185 L eedstow n-C hannel
RP-120 RK-33 2 .3 0 .211 Sm ith Mount L n d g .-N o r th
RP-123 • ^ 2 .4 6 . 177 Fones C l i f f s - B l u f f  Beach
RP-146 B.C. R-8 2 .2 9 .174 M u lb e rry  P o in t -C h a n n e l
RP-147 GRAB 107 2 .3 0 .198 Tappahannock-C hannel
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TABLE VI (C o n tin u e d )
ESTUARY ZONE
SAMPLE STATION MEAN STD. DEV. LOCATION
RP-056 RK-14 2 .3 2 .193 T appahannock -N orth
RP-058 RK-14 2 .3 5 .204 T appahannock-S ou th
RP-148 B.C. R -7 2 .2 9 .1 9 8 Lowery P o in t -C h a n n e l
RP-134 RK-37 2 .3 0 .197 Wares W harf-N orth
RP-150 B.C. R-6 2 .2 7 .208 N e a ls  P o in t  C hannel
RP-151 GRAB 105 2 .3 5 . 184 S h a rp s - Channe1
RP-139 RIC 38 2 .3 6 .197 S h a rp s -N o r th
RP-154 B.C. R-8 2 .3 5 .171 G re en v a le  C reek -C h an n e l
RP-156 B.C. R-3 2 .3 2 .199 Greys P o in t -C h a n n e l
RP-161 B.C. R -1 2 .3 3 .216 W indm ill P o in t -C h a n n e l
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F ig u r e  15. G ra in - s h a p e  h i s to g ra m s  o f  t e n  s e l e c t e d  san d  sam ples
w hich  a r e  r e p r e s e n t a t i v e  o f  t h e  t r e n d s  o b se rv e d  in  t h e  
d i s t r i b u t i o n  o f  F o u r i e r  harm onic  a m p l i tu d e  v a lu e s  f o r  
t h e  r i v e r  zone.
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one s a n d - s h a p e  p o p u l a t i o n ,  n o t  a  m ix tu r e  o f  s a n d - sh a p e  p o p u l a t i o n s .
The d i s t r i b u t i o n  o f  Q^ - v a lu e s  f o r  t h e s e  sam ples  c h a r a c t e r i z e  t h e  q u a r t z  
g r a i n - s h a p e s  i n  t h i s  zone as  h a v in g  v e ry  a n g u la r  o r  " ro u g h ” q u a r t z  
s a n d - s h a p e  p a t t e r n s .
An i n t e r e s t i n g  d e v i a t i o n  from  t h i s  t r e n d  o c c u r s  w i th in  t h e  r i v e r  
zone in  t h e  p r o x im i ty  o f  Rock Creek Turn n e a r  P o r t  R oyal .  Sample RP034 
i s  a  sand  sam ple  ta k e n  from a  f a s t l a n d  b l u f f  ( T e r t i a r y  s e d im e n ta ry  
m a t e r i a l )  w hich  d i r e c t l y  o u tc r o p s  a lo n g  t h e  s o u th w e s te r n  f l a n k  o f  t h e  
r i v e r  a t  Rock C reek  T u rn .  As one can  s e e ,  t h e  d i s t r i b u t i o n  o f
sam ple  mean a r e  skewed to w ard s  t h e  h i g h e r  v a lu e s
( t o  t h e  r i g h t ) . T h is  i s  o p p o s i t e  o f  t h e  d i s t r i b u t i o n  t r e n d s  o b se rv ed  
in  t h e  r i v e r  s a n d s .  The sam ple  mean o f  RP034 i s  2 .3 7  w hich  i s  s i g n i f i ­
c a n t l y  h i g h e r  th a n  many o f  t h e  sand  sam ples  occu p y in g  th e  r i v e r  ch an n e l  
w i t h i n  t h i s  zone . The s t a n d a r d  d e v i a t i o n  o f  RP034 i s  n a rro w  a t  0 .1 6 5 .  
T h is  a l s o  s u g g e s t s  t h a t  t h i s  sand  sh ap e  p o p u la t io n  i s  u n im o d a l .  The 
h ig h  sam ple mean and n a rro w  s t a n d a r d  d e v i a t i o n  s t a t i s t i c a l l y  i n d i c a t e  
t h a t  sam ple RP034 i s  n o t  from t h e  same p o p u la t i o n  o f  some o f  th e  n a t i v e  
san d s  o ccu p y in g  t h e  r i v e r  c h a n n e l  u p r i v e r  from t h i s  p o i n t .  In  a d d i t i o n ,  
t h e  d i s t r i b u t i o n  o f  v a lu e s  f o r  RP034 c h a r a c t e r i z e s  t h e  q u a r t z  sand  
p a r t i c l e s  a s  h a v in g  a  more rou n d ed  o r  "sm ooth"  shape  p a t t e r n .
Sample RP033 i s  l o c a t e d  w i th in  t h e  r i v e r  c h a n n e l  d i r e c t l y  a d ja c e n t  
t o  t h e  f a s t l a n d  o u tc ro p  a t  Rock C reek  T u rn .  RP033 h a s  a  sam ple mean 
o f  2 .3 1  w hich  i s  h i g h e r  t h a n  any r i v e r  c h an n e l  sand  sam ple up t o  t h i s  
p o i n t  in  t h e  r i v e r  zone. RPQ33 s t a n d a r d  d e v i a t i o n  i s  0 .1 9 6  w hich i s  
a l s o  t h e  h i g h e s t  v a lu e  o f  any r i v e r  sam ple up t o  t h i s  p o i n t .  T h is  d a t a
s u g g e s t s  t h a t  a m ix in g  o f  t h e  two shape  p o p u l a t i o n s  may be  o c c u r r in g
in  t h e  im m edia te  v i c i n i t y  o f  Rock C reek  T urn .
v a lu e s  and t h e
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The q u e s t i o n  a r i s e s :  Does t h e  i n j e c t i o n  o f  f a s t l a n d  s a n d - s i z e d
sed im en t  i n t o  t h e  r i v e r ' s  a c t i v e  t r a n s p o r t  sy s tem  p ro d u c e  a  l o c a l i z e d  
m ix in g  e f f e c t  w i th  t h e  n a t i v e  san d s  o ccupy ing  th e  r i v e r  c h a n n e l  a lo n g  
t h i s  r e a c h ?  Sample RP098 ( u p r i v e r  from  Rock C reek  T urn) and RP033 
(d o w n r iv e r  from Rock C reek  Turn) i n d i c a t e  t h a t  t h i s  may be  a p p a r e n t l y  
s o .  RP098 (Mount Bar) i s  l o c a t e d  1 km u p r i v e r  from Rock C reek  Turn and 
h a s  a sam ple  mean o f  2 .2 5 .  T h is  mean v a lu e  i s  s i m i l a r  t o  t h e  r i v e r  
sam ples  u p r i v e r  from Rock C reek  T u rn ,  y e t  t h e  s t a n d a r d  d e v i a t i o n  o f  
t h i s  sam ple i s  wide a t  0 .2 0 4 .  T h is  i s  t h e  l a r g e s t  v a lu e  o f  s t a n d a r d  
d e v i a t i o n  o f  any san d  sam ple  up t o  t h i s  p o i n t .  The d i s t r i b u t i o n  o f  
v a lu e s  i n  t h i s  sam ple i n d i c a t e s  t h a t  " ro u g h ” sand  shape  p a t t e r n s  a r e  
d o m in an t ,  y e t  t h e r e  does a p p e a r  t o  be a  s m a l l e r  c o n t r i b u t i o n  o f  "sm ooth" 
sh ap e  p a t t e r n s .  Sample RP101 i s  from th e  r i v e r  ch an n e l  a p p ro x im a te ly  
7 km dow nstream  from Rock C reek  T urn . RP101 h as  a  sam ple mean o f  2 .2 4  
and a s t a n d a r d  d e v i a t i o n  o f  0 .1 8 4 .  The l a t t e r  i s  a  s l i g h t l y  h i g h e r  
o b s e rv e d  v a lu e  th a n  t h e  p r e c e d in g  r i v e r  c h an n e l  s am p les .  N o n e th e le s s ,  
t h e  d i s t r i b u t i o n  o f  v a lu e s  h a s  r e v e r t e d  back  to w a rd s  t h e  low er 
v a lu e s  (skewed l e f t )  t h a t  a g a in  i s  c o n s i s t e n t  w i th  r i v e r  zone sand  
sam p les  e x c e p t  n e a r  Rock C reek  T u rn . T h is  d a t a  s u g g e s t s  t h a t  t h e  
i n j e c t i o n  o f  s a n d - s i z e d  sed im en t from t h e  b l u f f s  a t  Rock C reek  Turn 
p ro d u c e s  a  l o c a l i z e d  e f f e c t  upon t h e  d i s t r i b u t i o n  o f  s a n d -sh a p e  
c h a r a c t e r i s t i c s  w i t h i n  t h e  r i v e r - z o n e .
R i v e r - E s tu a r y  T r a n s i t i o n  Zone
F ig u r e  16 shows t h e  d i s t r i b u t i o n  o f  F o u r i e r  harm onic  a m p l i tu d e s  
CQjj} f ° r  t en s e l e c t e d  sand  sam ples  which t e n d  t o  b e s t  i l l u s t r a t e  t h e  
d i s t r i b u t i o n  g r a d i e n t s  o f  v a lu e s  w i th in  t h e  r i v e r - e s t u a r y  t r a n s i t i o n
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F ig u r e  16. G ra in - s h a p e  h i s to g r a m s  o f  t e n  s e l e c t e d  san d  sam ples  w hich  
a r e  r e p r e s e n t a t i v e  o f  t h e  t r e n d s  o b s e rv e d  in  t h e  d i s t r i ­
b u t io n  o f  F o u r i e r  harm onic  a m p l i tu d e  v a lu e s  f o r  t h e  
r i v e r - e s t u a r y  t r a n s i t i o n  zone.
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zone (from  P o r t  Royal t o  T ap p ah an n o ck ) . The d i s t r i b u t i o n  o f  v a lu e s  
f o r  sam ples  shown in  F ig u r e  16 r e v e a l s  t h a t  v e r y  i n t e r e s t i n g  t r e n d  
g r a d i e n t s  a r e  e v id e n t  i n  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zo n e , p a r t i c u l a r l y  
w here f a s t l a n d  s e d im e n ta ry  m a t e r i a l  o u tc ro p s  a lo n g  th e  n o r t h e a s t e r n  
f l a n k s  o f  t h e  r i v e r  a t  H orse  Head P o in t  and a lo n g  Fones C l i f f s .  Samples 
RP036 (P o r t  Royal C hanne l)  and  RP112 (P o r to b a g o  Bay C hanne l)  d i s p l a y  
d i s t r i b u t i o n s  t h a t  a r e  c o n s i s t e n t  w i th  t h e  s a n d - s h a p e  d i s t r i b u t i o n s  
w i th in  t h e  r i v e r  zone; n am ely , sam ple means t h a t  a r e  skewed t o  t h e  low er 
v a lu e s  (R P 0 3 6 :2 .2 0 ; RP1 1 2 ;2 .1 8 )  which a r e  r e p r e s e n t a t i v e  o f  v e ry  
a n g u la r  o r  " ro u g h "  q u a r t z  san d  p a r t i c l e - s h a p e  d i s t r i b u t i o n s .  As t h e  
r i v e r  a p p ro a ch e s  t h e  f a s t l a n d  b l u f f s  a t  H orse  Head P o i n t ,  an i n t e r e s t i n g  
t r e n d  g r a d i e n t  i n  t h e  d i s t r i b u t i o n  o f  v a lu e s  b e g in s  t o  emerge.
Sample RP115 i s  a  san d  sam ple ta k e n  a p p ro x im a te ly  1 .5  km u p r i v e r  from 
H orse  Head P o i n t .  RP115 sam ple  mean i s  2 .4 2 ,  and i t  i s  r e a d i l y  a p p a r e n t  
t h a t  t h e  d i s t r i b u t i o n  o f  v a lu e s  a r e  now skewed t o  t h e  r i g h t .  A 
p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  d r a s t i c  s h i f t  i n  t h e  sam ple mean t o  
h i g h e r  v a lu e s  may l i e  i n  t h e  s a n d - sh a p e  c h a r a c t e r i s t i c s  o f  th e  
T e r t i a r y  b l u f f  s e d im e n ta ry  m a t e r i a l  b e in g  i n j e c t e d  i n t o  t h e  r i v e r ' s  
a c t i v e  t r a n s p o r t  sy s tem  a t  H orse  Head P o i n t .  RP117 i s  a  sand  sam ple 
ta k e n  from t h e  b l u f f  s e d im e n ta ry  m a t e r i a l  a t  H orse  Head P o i n t .  The 
sam ple  mean o f  RP117 i s  2 .4 5 ,  t h e  h i g h e s t  sam ple mean y e t  e n c o u n te re d  
w i th in  t h e  r i v e r - e s t u a r y  sy s te m . In  a d d i t i o n ,  t h e  s t a n d a r d  d e v i a t i o n  
o f  sam ple RP117 i s  n a r ro w  a t  0 .1 6 3 .  T h is  d a t a  i n d i c a t e s  t h a t  t h e  
q u a r t z  s an d  p a r t i c l e  sh ap e  p o p u l a t i o n  sam pled  from th e  b l u f f s  a t  Horse 
Head P o in t  i s  a l s o  un im oda l and s t a t i s t i c a l l y  n o n - s i m i l a r  t o  t h e  n a t i v e  
q u a r t z  s a n d - s h a p e  p o p u l a t i o n  o ccupy ing  t h e  r i v e r  c h a n n e l  up t o  t h i s  
p o i n t .  Sample RP042 was t a k e n  d i r e c t l y  in  f r o n t  o f  t h e  H orse  Head
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P o in t  b l u f f s  from  w i t h i n  t h e  r i v e r  c h a n n e l .  RP042 sam ple  mean h as  a 
low er sam ple  mean (2 .3 9 )  and a w id e r  s t a n d a r d  d e v i a t i o n  (0 .1 8 5 )  in  com­
p a r i s o n  t o  RP117. The w id e r  d i s t r i b u t i o n  o f  v a lu e s  in  RP042 may 
i n d i c a t e  a  m ix in g  o f  t h e  two q u a r t z  sand  shape  p o p u l a t i o n s  w i t h i n  t h e  
r i v e r ' s  a c t i v e  t r a n s p o r t  sy s te m . The a fo re m e n t io n e d  m ix in g  h y p o th e s i s  
i s  f u r t h e r  s u b s t a n t i a t e d  by t h e  d i s t r i b u t i o n  o f  v a lu e s  o f  sam ples  
RP142 and RP120 w hich  w ere sam pled from t h e  r i v e r  c h an n e l  (RP142) and 
n o r t h e r n  s h o a l  (RP120) a p p ro x im a te ly  13 km and 20 km, r e s p e c t i v e l y ,  
d o w n r iv e r  from H orse  Head P o i n t .  Both RP142 and RP120 have  sam ple 
means a ro u n d  2 .3 0  w hich i s  w i t h i n  a ra n g e  t h a t  i s  i n t e r m e d i a t e  o f  th e  
sam ple  means o f  b o th  t h e  r i v e r  s a n d - sh a p e  p o p u la t i o n  and t h e  f a s t l a n d  
b l u f f  s a n d - sh a p e  p o p u l a t i o n .  M oreover,  t h e  s t a n d a r d  d e v i a t i o n s  o f  
sam ples  RP142 and RP120 a r e  m a rk ed ly  w id e r  a t  0 .1 8 5  and 0 .2 1 1 ,  r e s p e c ­
t i v e l y .  RP120 h as  t h e  w id e s t  r a n g e  o f  s t a n d a r d  d e v i a t i o n  o f  any 
sam ple  t h a t  h a s  been  a n a ly z e d  w i t h i n  t h e  r i v e r ' s  a c t i v e  t r a n s p o r t  
sy s te m  up t o  t h i s  p o i n t .  I f  one exam ines t h e  d i s t r i b i t i o n  o f  
v a l u e s ,  t h e r e  does  a p p e a r  t o  be  some i n d i c a t i o n  o f  b i m o d a l i t y  w i th  
p e a k s  o c c u r r in g  a t  b o th  low er c l a s s  i n t e r v a l s  and h i g h e r  c l a s s  
i n t e r v a l s .
As t h e  r i v e r  a p p ro a c h e s  t h e  Fones C l i f f s  a r e a  w here , a g a in ,  f a s t ­
la n d  s e d im e n ta ry  m a t e r i a l  o u tc r o p s  a lo n g  th e  n o r t h e a s t e r n  f l a n k  o f  
t h e  r i v e r ,  a s i m i l a r  s a n d - s h a p e  g r a d i e n t  an a lo g o u s  t o  what was 
e n c o u n te re d  a t  H orse  Head P o in t  i s  e v i d e n t .  Sample RP123 i s  a  sand  
sam ple t a k e n  from th e  s e d im e n ta ry  m a t e r i a l  composing th e  b each  a t  th e  
f o o t  o f  t h e  b l u f f  a t  Fones C l i f f s .  The d i s t r i b u t i o n  o f  v a lu e s  f o r  
RP123 i s  c l o s e l y  s i m i l a r  t o  RP117 from  H orse Head P o in t  b l u f f s .  RP123 
h a s  a  sam ple mean o f  2 .4 6  (R P 117 :2 .45) w i th  a  n a rro w  s t a n d a r d
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d e v i a t i o n  o f  0 .1 7 7  (RP117:0 .1 6 3 )  w hich a g a in  i n d i c a t e s  t h a t  t h e  s a n d -  
sh ap e  p o p u l a t i o n  c o m p r is in g  RP123 i s  s t a t i s t i c a l l y  n o n - s i m i l a r  t o  t h e  
n a t i v e  s a n d - s h a p e  p o p u l a t i o n  occu p y in g  t h e  u p p e r  r e a c h e s  o f  t h e  
Rappahannock R iv e r .  The m ix in g  h y p o t h e s i s  i s  a g a in  s u b s t a n t i a t e d  by 
t h e  d i s t r i b u t i o n  o f  v a lu e s  o f  sam p les  RP146 (M ulberry  P o in t )  and 
RP147 (Tappahannock) which a r e  san d  sam ples  t a k e n  from t h e  r i v e r  
c h a n n e l  a p p ro x im a te ly  9 km and 17 km, r e s p e c t i v e l y ,  d o w n r iv e r  from 
Fones C l i f f s .  A ga in , s i m i l a r  t o  t h e  s a n d - sh a p e  d i s t r i b u t i o n s  encoun­
t e r e d  d o w n r iv e r  from H orse  Head P o i n t ,  RP146 and RP147 have  sam ple 
means a ro u n d  2 .3 0 .  T hese  mean v a lu e s  a r e  i n t e r m e d i a t e  o f  t h e  
c h a r a c t e r i s t i c  sam ple means o f  b o th  s a n d -sh a p e  p o p u l a t i o n s .  In  
a d d i t i o n ,  t h e  s t a n d a r d  d e v i a t i o n s  o f  RP146 arid RP147 a r e  l a r g e  a t  
0 .1 7 4  and 0 .1 9 8  r e s p e c t i v e l y ,  and t h e r e  a l s o  a p p e a rs  t o  be  some 
i n d i c a t i o n  o f  b i m o d a l i t y .  T hus , t h e  a fo re m e n t io n e d  d i s t r i b u t i o n  
t r e n d  g r a d i e n t s  w i t h i n  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone s u p p l i e s  
q u a n t i t a t i v e  e v id e n c e  t h a t  t h e  two i d e n t i f i a b l e  s a n d - sh a p e  p o p u la ­
t i o n s ,  d e r iv e d  from n o n - s i m i l a r  san d  p ro v e n a n c e s  landw ard  o f  t h e  
e s t u a r y  p r o p e r ,  a r e  p o s s i b l y  b e in g  m ixed t o g e t h e r  w i th in  t h e  a c t i v e  
t r a n s p o r t  sy s tem  o f  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone . C o n se q u e n t ly ,  
i t  would f o l l o w  t h a t  any s a n d - s i z e d  sed im en t t r a n s p o r t e d  d o w n riv e r  
from t h e s e  b l u f f e d  r e a c h e s  would be  co m p rised  o f  a  m ix tu r e  o f  t h e  
two n o n - s i m i l a r  s a n d - s h a p e  p o p u l a t i o n s ;  nam ely , t h e  P ie d m o n t-d e r iv e d  
r i v e r  s an d s  and t h e  f a s t l a n d  b l u f f  s a n d s ,  p re su m in g  t h a t  s e l e c t i v e  
s i z e  o f  shape  s o r t i n g  i s  n o t  an a c t i v e  p r o c e s s  a lo n g  t h e s e  r e a c h e s .
E s tu a r y  Zone
F ig u r e  17 shows t h e  d i s t r i b u t i o n  o f  F o u r i e r  harm onic  a m p l i tu d e s  
f o r  t e n  s e l e c t e d  sand  sam ples  which t e n d  t o  b e s t  i l l u s t r a t e  t h e
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F ig u re  17. G ra in - s h a p e  h i s to g ra m s  o f  t e n  s e l e c t e d  san d  sam ples  w hich  
a r e  r e p r e s e n t a t i v e  o f  t h e  t r e n d s  o b se rv e d  in  t h e  d i s t r i ­
b u t io n  o f  F o u r i e r  harm onic  a m p l i tu d e  v a l u e s  f o r  t h e  
e s t u a r y  zone.
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d i s t r i b u t i o n  g r a d i e n t s  o f  v a lu e s  f o r  t h e  s a n d - s h a p e  p o p u l a t i o n s  * 
w i t h i n  t h e  e s t u a r y  zone (from  Tappahannock t o  W indm ill P o i n t ) .  Sand- 
shape  sam ples  from  w i t h i n  t h e  e s t u a r y  zone p r e s e n t s  i n t r i g u i n g  e v id e n c e  
w hich  t e n d s  t o  s u p p o r t  t h e  m ix in g  h y p o th e s i s  o f  t h e  two n o n - s i m i l a r  
s a n d - sh a p e  p o p u l a t i o n s ;  n am e ly ,  t h e  r i v e r  zone s a n d - s h a p e  p o p u la t i o n  
and t h e  f a s t l a n d  b l u f f  s a n d - s h a p e  p o p u l a t i o n .
At t h e  head  o f  t h e  e s t u a r y  (T appahannock), a  c r o s s - s e c t i o n a l  a r r a y  
o f  s a n d - s h a p e  sam ples  RP147 ( F ig u re  1 6 ) ,  RP056 and RP058 s u p p o r t  t h e  
m ix in g  h y p o t h e s i s .  Sample RP056 i s  t a k e n  from t h e  n o r t h e a s t e r n  s h o a l  
f l a n k i n g  t h e  e s t u a r y  c h a n n e l .  RP056 h a s  a  sam ple  mean o f  2 .3 2  and a 
s t a n d a r d  d e v i a t i o n  o f  0 .1 9 5 .  Sample RP058 i s  t a k e n  from th e  s o u th ­
w e s te rn  s h o a l  f l a n k i n g  t h e  e s t u a r y  c h a n n e l .  RP058 h as  a  sam ple mean 
o f  2 .3 5  and a s t a n d a r d  d e v i a t i o n  o f  0 .2 0 4 .  T h is  a g a in ,  i n d i c a t e s  a 
wide d i s t r i b u t i o n  o f  v a lu e s  f o r  t h i s  sand  sam ple . Sample RP147 
i s  t a k e n  from  t h e  e s t u a r y ’ s c e n t r a l  c h a n n e l .  RP147 h a s  a  sam ple mean 
o f  2 .3 0 .  T h is  i s  somewhat low er th a n  t h e  sam ples  a d j a c e n t  t o  i t  on 
t h e  f l a n k i n g  s h o a l s ,  y e t  t h e  s t a n d a r d  d e v i a t i o n  s t i l l  rem a in ed  l a r g e  
a t  0 .1 9 8 .  T he re  i s  a  s i m i l a r i t y  be tw een  t h e  t h r e e  sam ples  a t  
Tappahannock in  t h a t  t h e r e  a p p e a r s  t o  be  a  n o n -n o rm al d i s t r i b u t i o n  
o f  v a lu e s  o v e r  t h e  r a n g e  o f  c l a s s  i n t e r v a l s .  T h is  t r e n d  m ight 
s u g g e s t  t h a t  t h e  shape  p o p u l a t i o n s  a lo n g  t h i s  c r o s s - s e c t i o n  a r e  
p o ly m o d a l,  c o n s i s t i n g  o f  a  m ix tu r e  o f  t h e  two s a n d - s h a p e  p o p u l a t i o n s  
a t  t h e  head  o f  th e  e s t u a r y  n o t  o n ly  w i th in  t h e  e s t u a r y  c h an n e l  b u t  
on t h e  f l a n k i n g  s h o a l s  a s  w e l l .
Samples RP148 (I.owery P o in t )  and RP150 (N eals  P o in t )  a r e  l o c a t e d  
w i t h i n  t h e  e s t u a r y ’ s c e n t r a l  c h a n n e l  a p p ro x im a te ly  5 .5  km and 13 km 
r e s p e c t i v e l y ,  d o w n -e s tu a ry  from Tappahannock. RP148 and RP150 have
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sam ple  means o f  2 .3 0  w hich  a r e  s i m i l a r  t o  t h e  s a n d - sh a p e  d i s t r i b u t i o n s  
o f  sam ples  w i t h i n  t h e  c h a n n e l  o f  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone and 
a t  t h e  head  o f  t h e  e s t u a r y  a t  Tappahannock.
The ra n g e  o f  s t a n d a r d  d e v i a t i o n s  f o r  RP148 and RP150 i s  l a r g e  a t  
0 .1 9 8  and 0 .2 0 8  r e s p e c t i v e l y .  Sample RP134 i s  l o c a t e d  on t h e  n o r t h ­
e a s t e r n  s h o a l  a t  Wares W harf, a p p ro x im a te ly  10 km d o w n es tu a ry  from 
Tappahannock . The d i s t r i b u t i o n  o f  v a lu e s  o f  RP134 i s  a l s o  s i m i l a r  
t o  t h a t  o f  t h e  e s t u a r y  c h a n n e l  w i th  a  sam ple mean o f  2 .3 0  and a  
s t a n d a r d  d e v i a t i o n  o f  0 .1 9 7 .  T hus , i t  a p p e a rs  e v id e n t  t h a t  t h e r e  i s  
a c o n s i s t e n c y  o f  s a n d - sh a p e  d i s t r i b u t i o n s  w i th in  t h e  c h a n n e l  a s  w e l l  
a s  on t h e  f l a n k i n g  s h o a l s  from t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone down 
th ro u g h  t h e  m id d le  e s t u a r y .  In  a d d i t i o n ,  t h i s  c o n s i s t e n c y  o f  san d -  
sh ap e  d i s t r i b u t i o n ,  nam ely  sam ple  means a round  2 .3 0 ,  l a r g e  s t a n d a r d  
d e v i a t i o n s  (0 .1 9 8 - 0 .2 0 8 )  and n o n -n o rm a l d i s t r i b u t i o n s  a r e  s u p p o r t i v e  
o f  t h e  s a n d - sh a p e  m ix in g  h y p o t h e s i s  o f  t h e  two ex trem e  shape  p o p u la t io n s  
( i . e . ,  b l u f f  san d s  and r i v e r  s a n d s ) .
In  t h e  m id d le  and low er p o r t i o n s  o f  t h e  e s t u a r y ,  t h e  sam ples  
rem a in  d i s t r i b u t e d  o v e r  a w ide ra n g e  o f  c l a s s  i n t e r v a l s ,  a l th o u g h  
t h e  sam ple means have  s h i f t e d  t o  s l i g h t l y  h i g h e r  v a lu e s .  T h is  
may i n d i c a t e  t h a t  l a t e r a l  e r o s i o n  o f  t h e  f a s t l a n d  banks  f l a n k i n g  th e  
m id d le  and low er p o r t i o n s  o f  th e  e s t u a r y  a r e  i n f l u e n c i n g  t h e  d i s t r i b u ­
t i o n  o f  s a n d - s h a p e  c h a r a c t e r i s t i c s  o f  t h e  s a n d - s i z e d  sed im en t w i th in  
t h e  e s t u a r y ’ s a c t i v e  t r a n s p o r t  sy s te m . E v idence  s u p p o r t in g  t h i s  
s p e c u l a t i o n  i s  s u p p l i e d  by sam ples  RP151 and RP139. T hese  sam ples  
a r e  l o c a t e d  n e a r  S h a rp s  ( a p p ro x im a te ly  20 km d o w n es tu a ry  from 
Tappahannock) in  t h e  e s t u a r y ' s  c e n t r a l  c h an n e l  and n o r t h e r n  s h o a l ,  
r e s p e c t i v e l y .  RP151 h a s  a  0 sam ple mean o f  2 .3 5  and a s t a n d a r d
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d e v i a t i o n  o f  0 .1 8 4 .  RP151 sam ple  mean i s  s l i g h t l y  h i g h e r  t h a n  t h e
p r e v i o u s  sam p les  l o c a t e d  w i t h i n  t h e  e s t u a r y ' s  c e n t r a l  c h a n n e l  up t o  
t h i s  p o i n t ,  a l th o u g h  t h e  d i s t r i b u t i o n  a p p e a r s  t o  b e  n e a r l y  n o rm a l .  In  
c o m p a r iso n ,  sam ple  RP139 l o c a t e d  a d j a c e n t  t o  RP151 on t h e  n o r t h e a s t e r n  
s h o a l  h a s  a  h i g h e r  sam ple  mean o f  2 .3 6 ,  a  l a r g e r  s t a n d a r d  d e v i a t i o n  o f  
0 .1 9 7  and t h e  d i s t r i b u t i o n  o f  v a l u e s  a p p e a r s  t o  be  d i s p r o p o r t i o n a t e  
a b o u t  t h e  mean. S in c e  f a s t l a n d  bank e r o s io n  a lo n g  t h i s  s e c t i o n  o f  t h e  
e s t u a r y  h a s  been  e s t i m a t e d  a t  a p p ro x im a te ly  .6  t o  1 .0  m /yr (Byrne and 
A n d erso n , 197 6 ),  i t  may b e  i n f l u e n c i n g  t h e  s a n d - sh a p e  d i s t r i b u t i o n  o f  
t h e  n a t i v e  san d s  o ccu p y in g  t h e s e  r e a c h e s  o f  t h e  e s t u a r y ,  p a r t i c u l a r l y  
a lo n g  t h e  s h o a l i n g  a r e a s  w hich d i r e c t l y  f l a n k  t h e  f a s t l a n d  b a n k s .
Sample RP154 i s  l o c a t e d  w i t h i n  t h e  e s t u a r y  c h a n n e l  a t  G re e n v a le  
C reek  ( a p p ro x im a te ly  23 km d o w n e s tu a ry  from T appahannock). RP154 h a s  
a  sam ple  mean o f  2 .3 5  and a s t a n d a r d  d e v i a t i o n  o f  0 .1 7 1 .  F u r th e r  
d o w n e s tu a ry ,  sam ple RP156 l o c a t e d  w i th in  t h e  low er e s t u a r y ' s  ch an n e l  
a t  G reys P o in t  ( a p p ro x im a te ly  2 4 .5  km d o w n es tu a ry  from Tappahannock, 
n e a r  U rbanna) h a s  a sam ple mean o f  2 .3 2 .  RP156 sam ple mean i s  s l i g h t l y
low er th a n  t h e  p r e v io u s  c h a n n e l  sam ple  (RP154).
The d i s t r i b u t i o n  o f  v a l u e s  o f  RP156 a g a in  s u g g e s t s  t h a t  t h i s  
sam ple  i s  composed o f  a  m ix tu r e  o f  t h e  two ex trem e sa n d - sh a p e  p o p u la ­
t i o n s .  T h is  t r e n d  a p p e a r s  t o  be  c o n s i s t e n t  w i th  o t h e r  c h an n e l  sand  
sam ples  from t h e  head  o f  t h e  e s t u a r y  t o  t h e  low er p o r t i o n s  o f  t h e  
e s t u a r y .  Sample RP161 i s  l o c a t e d  o u t s i d e  t h e  mouth o f  t h e  
Rappahannock R iv e r  n e a r  W indm ill P o i n t .  RP161 h a s  a  sam ple mean o f  
2 .3 3  w hich a g a in  i s  a  v a lu e  t h a t  i s  i n t e r m e d i a t e  o f  t h e  two ex trem e  
s a n d - s h a p e  p o p u l a t i o n s  i d e n t i f i e d  w i t h i n  t h e  r i v e r  and r i v e r - e s t u a r y  
t r a n s i t i o n  zo n e , y e t  i t  h a s  a  s t a n d a r d  d e v i a t i o n  o f  0 .2 1 6  w hich i s
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l a r g e r  th a n  any san d  sam ple  a n a ly z e d  from w i th in  t h e  Rappahannock R iv e r -  
E s tu a r y  System . T h is  d a t a  may a g a in  s u g g e s t  a  m ix in g  o f  s a n d -sh a p e  
p o p u l a t i o n s  w hich  may be  d e r iv e d  from e i t h e r  t h e  r i v e r - e s t u a r y  o f  t h e  
C hesapeake  Bay o r  b o th .
The q u a n t i t a t i v e  d a t a  p r e s e n t e d  by t h e  d i s t r i b u t i o n s  o f  Q^ v a lu e s  
th r o u g h o u t  t h e  r i v e r - e s t u a r y  sy s tem  s u g g e s t s  t h a t  i n t e r e s t i n g  t r e n d  
g r a d i e n t s  in  t h e  s a n d - s h a p e  p o p u l a t i o n s  a r e  r e a d i l y  a p p a r e n t  and t h a t  
two s t a t i s t i c a l l y  n o n - s i m i l a r  s a n d - sh a p e  p o p u l a t i o n s ,  t h a t  a r e  p o t e n t i a l  
s o u r c e s  o f  s a n d - s i z e d  sed im en t t o  t h e  Rappahannock E s tu a r y ,  c l e a r l y  
e x i s t .  I t  i s  f u r t h e r  i n t e n d e d  t h a t  Q-mode f a c t o r  a n a l y s i s  w i l l  be a b le  
t o  d i s t i n g u i s h  t h e  two n o n - s i m i l a r . shape p o p u l a t i o n s  and g iv e  some 
i n s i g h t  a s  t o  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  t h e s e  two d i s t i n c t  p o p u la ­
t i o n s  t o  t h e  d i s t r i b u t i o n  o f  s a n d - s i z e d  sed im en t w i th in  t h e  Rappahannock 
R i v e r - E s tu a r y  System . Q-mode f a c t o r  m ethods and i t s  a p p l i c a t i o n s  in  
r e l a t i o n  t o  t h i s  r e s e a r c h  p r o j e c t  w i l l  be d i s c u s s e d  in  d e t a i l  in  a 
fo r th c o m in g  s e c t i o n .
C u m u la tiv e  P e r c e n t  D i s t r i b u t i o n s  o f  Q u artz  G ra in -S h ap e  Samples Over 
t h e  Range o f  Q^ C la s s  I n t e r v a l s
The g r a i n - s h a p e  d a t a  g e n e r a t e d  in  h i s to g r a m  form may a l s o  be p r e ­
s e n te d  in  t h e  form o f  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  o f  t h e  Q^ c l a s s  
i n t e r v a l s  u n d e r  t h e  a ssu m p tio n  t h a t  t h e  d i s t r i b u t i o n  o f  Q^  ^ v a lu e s  t e n d s  
t o  be  n o rm a l ly  d i s t r i b u t e d  o v e r  t h e  ra n g e  o f  t h e  s i x t e e n  Q^ c l a s s  
i n t e r v a l s .  T h i s  form  o f  g r a p h i c a l  p r e s e n t a t i o n  w i l l  a l lo w  many san d -  
shape  sam ples  from t h e  Rappahannock R iv e r - E s tu a r y  System t o  be p l o t t e d  
in  r e l a t i o n  t o  each  o t h e r  on t h e  same g rap h  so t h a t  sam ple t o  sam ple 
co m p ar iso n s  can be  made. In  a d d i t i o n ,  t h i s  ty p e  o f  g r a p h i c a l  r e p r e s e n ­
t a t i o n  would make t h e  t r e n d  g r a d i e n t s  o f  t h e  d i s t r i b u t i o n  o f  Q  ^ v a lu e s
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F ig u r e  18. C u m u la tiv e  p e r c e n t  d i s t r i b u t i o n s  o f  t h e  s i x t e e n  c l a s s
i n t e r v a l s  o f  t h e  F o u r i e r  h a rm on ic  a m p l i tu d e s  f o r  t h e  m ost 
ex trem e  sa n d - sh a p e  sam p les :  RP062, S m i t h f i e l d  B a r -R iv e r
C hanne l;  RP116, F a s t l a n d  B l u f f  Sample from H orse  Head 
P o i n t .
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F ig u r e  19. T ren d s  o b se rv ed  in  t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  
o v e r  th e  r a n g e  o f  s i x t e e n  c l a s s  i n t e r v a l s  o f  t h e  F o u r i e r  
ha rm o n ic  a m p l i tu d e s  f o r  t h e  r i v e r  zone , r i v e r - e s t u a r y  
t r a n s i t i o n  zone and e s t u a r y  zone.
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e x p la i n e d  w i t h i n  t h e  p r e v io u s  s e c t i o n  more v i s u a l l y  e v i d e n t ,  p a r t i c u ­
l a r l y  w i t h i n  each  o f  t h e  t h r e e  h y d r o g r a p h ic a l  zo n es .
In  o r d e r  t o  d e te r m in e  w h e th e r  t h e  d i s t r i b u t i o n  o f  v a lu e s  o f  sand  
sam ples  from w i t h i n  t h e  Rappahannock R i v e r - E s tu a r y  System a r e  n o rm a l ly  
d i s t r i b u t e d ,  t h e  two m ost ex trem e  s a n d - s h a p e  sam ple  d i s t r i b u t i o n s ,  
n am ely ,  RP062 ( r i v e r  s a n d s )  and RP116 ( f a s t l a n d  b l u f f  s a n d s )  a r e  p l o t t e d  
upon s t a t i s t i c a l  p r o b a b i l i t y  p a p e r .  I f  t h e  two ex trem e  sam ples  p l o t  
in  a  n e a r l y  l i n e a r  f a s h i o n ,  i t  i s  a good i n d i c a t i o n  t h a t  t h e  d i s t r i b u ­
t i o n  o f  v a l u e s  o f  t h e s e  sam ples  t e n d  t o  be  n o r m a l ly  d i s t r i b u t e d .
F ig u r e  18 shows t h e  c u m u la t iv e  p e r c e n t  o f  v a l u e s  v e r s u s  t h e  
s i x t e e n  c l a s s  i n t e r v a l s  f o r  sam ples  RP062 and RP116. From t h e  n e a r l y  
l i n e a r  p l o t s  o f  t h e s e  s a m p le s ,  i t  a p p e a rs  e v id e n t  t h a t  t h e  d i s t r i b u t i o n  
o f  v a l u e s  does in d e e d  t e n d  t o  be  n o rm a l ly  d i s t r i b u t e d .  T h e r e f o r e ,  
p r e s e n t i n g  t h e  s a n d - s h a p e  d a t a  in  te rm s  o f  i t s  c u m u la t iv e  p e r c e n t  
d i s t r i b u t i o n s  w ould i n  f a c t  b e  a v a l i d  r e p r e s e n t a t i o n  o f  t h e  q u a r t z  
g r a i n - s h a p e  d a t a .
F ig u r e  19 i l l u s t r a t e s  t h e  t r e n d s  in  t h e  c u m u la t iv e  p e r c e n t  d i s ­
t r i b u t i o n s  o v e r  t h e  r a n g e  o f  s i x t e e n  c l a s s  i n t e r v a l s  f o r  t h e  
r i v e r  zone, r i v e r - e s t u a r y  t r a n s i t i o n  zone , e s t u a r y  zo n e , r i v e r - b l u f f  
com parison  and s e l e c t e d  s a n d -sa m p le s  from each zone combined.
F ig u r e  19a shows t h e  c l e a r  d i f f e r e n c e s  be tw een  t h e  c u m u la t iv e  
p e r c e n t  d i s t r i b u t i o n s  o f  t h e  r i v e r  s a n d - sh a p e  c h a r a c t e r i s t i c s  and t h e  
f a s t l a n d  b l u f f  s a n d - s h a p e  c h a r a c t e r i s t i c s .  Based on t h e  d i s t r i b u t i o n  
o f  s a n d - sh a p e  c h a r a c t e r i s t i c s  o f  b o th  t h e  r i v e r  and f a s t l a n d  b l u f f  
s a n d s ,  i t  i s  r e a d i l y  a p p a r e n t  t h a t  sand  sam ples  from t h e  r i v e r  a r e  
s t a t i s t i c a l l y  n o n - s i m i l a r  t o  t h e  san d  sam ples  from t h e  b l u f f s .  T h is  
f a c t  i s  a l s o  i n d i c a t e d  by t h e  h i s to g r a m  d a t a .  In  a d d i t i o n ,  i t  i s
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n o te w o r th y  t o  s t a t e  t h a t  s an d  sam p les  from  b o th  p o p u l a t i o n s  a r e  c o n s i s ­
t e n t l y  d i s t r i b u t e d  w i t h i n  a  n a r ro w  ra n g e  o f  v a l u e s .
F ig u r e  19b shows t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  o f  sand  
sam p les  w i th in  t h e  r i v e r  zone. I t  i s  a p p a r e n t  t h a t  t h e  d i s t r i b u t i o n s  
o f  v a lu e s  f o r  t h e s e  sam p les  re m a in s  c o n s i s t e n t  w i th  t h e  h i s to g r a m  
d a t a  in  t h a t  t h e  r i v e r  s a n d - s h a p e  p o p u la t i o n  i s  c h a r a c t e r i z e d  by  h i g h e r  
p e r c e n t a g e s  o f  v a l u e s  to w a rd s  t h e  low er c l a s s  i n t e r v a l s .  I t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  sam ple  RP101 (d o w n riv e r  from C lev e  C hanne l)  i s  
skewed to w a rd s  h i g h e r  c l a s s  i n t e r v a l s .  T h is  sam ple i s  in  c l o s e  
p r o x im i ty  o f  Rock C reek  Turn w here  f a s t l a n d  b l u f f  s e d im e n ts  d i r e c t l y  
o u tc ro p  a lo n g  t h e  s o u th w e s te r n  f l a p k p f  t h e  r i v e r .  The c u m u la t iv e  
p e r c e n t  d i s t r i b u t i o n  o f  RP101 s u g g e s t s  t h a t  t h i s  sam ple  may be 
i n f l u e n c e d  by t h e  i n j e c t i o n  o f  more rounded  sand  sh a p e s  from  t h e  
f a s t l a n d  b l u f f ,  u p r i v e r  a t  Rock C reek  T u rn , i n t o  t h e  r i v e r ’ s  a c t i v e  
t r a n s p o r t  sy s tem . In  a d d i t i o n ,  i t  d i s p l a y s  how t h e  shape  a n a l y s i s  
t e c h n i q u e  can o b j e c t i v e l y  i n d i c a t e  s u b t l e  d i f f e r e n c e s  in  t h e  d i s t r i ­
b u t io n  o f  shape  p a t t e r n s  w i th in  a  p a r t i c u l a r  sam ple g ro u p .
F ig u r e  19c shows t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  o f  sand  
sam p les  w i th in  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone. The m ost n o t i c e a b l e  
t r e n d  w i t h i n  t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  o f  t h e s e  sand  
sam p les  i s  t h e  w ide r a n g e  o f  d i s t r i b u t i o n  among t h e  c l a s s  i n t e r ­
v a l s  dep en d in g  on t h e  l o c a t i o n  o f  a p a r t i c u l a r  sam ple in  r e l a t i o n  t o  
t h e  e ro d in g  f a s t l a n d  b l u f f s  a t  H orse  Head P o in t  and Fones C l i f f s .
RP039 (Old Woodlawn Turn) i s  l o c a t e d  u p r i v e r  from H orse  Head P o i n t .
T h i s  sam ple  shows h i g h e r  p e r c e n t a g e s  o f  v a lu e s  to w a rd s  t h e  low er 
c l a s s  i n t e r v a l s  which i s  c o n s i s t e n t  w i th  t h e  r i v e r  s a n d - s h a p e  
p o p u l a t i o n .  In  c o m p ar iso n ,  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  o f
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san d  sam ples  a t  H orse  Head P o in t  i n  b o th  t h e  r i v e r  c h a n n e l  (RP042) and 
on t h e  s o u th e r n  s h o a l  (RP115), show a m arked s h i f t  o f  l a r g e r  p e r c e n t ­
a g es  i n  t h e  h i g h e r  r a n g e  o f  c l a s s  i n t e r v a l s .  C u m u la tiv e  p e r c e n t  
d i s t r i b u t i o n s  o f  sand  sam ple  l o c a t i o n s  d o w n riv e r  from  H orse  Head P o i n t ,  
show a  g r a d u a l  s h i f t i n g  to w a rd s  t h e  low er c l a s s  i n t e r v a l s  w i t h i n  
i n c r e a s i n g  d i s t a n c e  d o w n r iv e r  from  H orse  Head P o in t  (R P119-B lind  P o in t  
C h an n e l;  RP142-L eedstow n C h a n n e l) .  T h is  d a t a  s u g g e s t s  t h a t  a  m ix in g  
o f  t h e  two s a n d - s h a p e  p o p u l a t i o n s  i s  o c c u r r i n g .  A s i m i l a r  s i t u a t i o n  
o c c u r s  d o w n r iv e r  a lo n g  Fones C l i f f s .  B l u f f  s a n d - sh a p e  c h a r a c t e r i s t i c s  
( c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  to w a rd s  h i g h e r  v a l u e s )  d o m in a te s  
a lo n g  t h i s  r e a c h .  F u r t h e r  d o w n r iv e r  from Fones C l i f f s ,  t h e  c u m u la t iv e  
p e r c e n t  d i s t r i b u t i o n s  a g a in  b e g in  t o  s h i f t  back  to w a rd s  low er 
v a l u e s  c h a r a c t e r i s t i c  o f  t h e  r i v e r  s a n d - s h a p e  p a t t e r n s  (RP147- 
T appahannock , RP148-Lowery P o i n t ) .  T h e r e f o r e ,  i t  i s  a p p a r e n t  t h a t  
t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  in  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  
zone i n d i c a t e  t h a t  t h e  s a n d - s h a p e  c h a r a c t e r i s t i c s  o f  sand  sam ples  
w i t h i n  t h i s  zone a r e  composed o f  a m ix tu r e  o f  t h e  two sh ap e  p o p u l a t i o n s  
( i . e . ,  r i v e r  and b l u f f  s a n d s ) .  The r e l a t i v e  am ounts o f  e ach  san d -  
sh ap e  p o p u l a t i o n  c o n ta in e d  w i th in  t h e s e  sand  sam ples  seems t o  be  
r e l a t e d  t o  t h e  s a m p l e 's  l o c a t i o n ,  e i t h e r  u p r i v e r  o r  d o w n r iv e r ,  from 
t h e  f a s t l a n d  b l u f f s  a t  H orse  Head P o in t  and Fones C l i f f s .
F ig u r e  19d shows t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  o f  sand  
sam p les  w i th in  t h e  e s t u a r y  zo n e . The i n t e r e s t i n g  f e a t u r e  o f  t h i s  
g ra p h  i s  t h a t  t h e  d i s t r i b u t i o n  o f  c u m u la t iv e  p e r c e n t  d a t a  i s  c o n s i s ­
t e n t  th r o u g h  t h e  e s t u a r y  in  t h a t  t h e  s a n d - sh a p e  p o p u l a t i o n s  w i th in  
t h i s  zone a r e  d i s t r i b u t e d  o v e r  a  w ide r a n g e  o f  v a l u e s ,  y e t  t h e y  
do  n o t  show a w ide ra n g e  o f  d e v i a t i o n  in  r e l a t i o n  t o  each  o t h e r  as
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d id  t h e  sand  sam ples  from t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone. The 
c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n  o f  t h e  e s tu a r y * s  sand  sam p les  s u g g e s t s ,  
a s  does  t h e  h i s to g r a m  d a t a ,  t h a t  t h e  s a n d - s h a p e  d i s t r i b u t i o n s  w i th in  
t h e  e s t u a r y  a r e  composed o f  a  m ix tu r e  o f  t h e  two s a n d - sh a p e  p o p u la ­
t i o n s  ( i . e . ,  r i v e r  and b l u f f  s a n d s ) .
F ig u r e  19e shows t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n  o f  s e l e c t e d -  
combined san d  sam p les  r e p r e s e n t a t i v e  o f  e ach  sam ple g roup  w hich 
i l l u s t r a t e s  t h e  t r e n d s  in  s a n d - sh a p e  c h a r a c t e r i s t i c s  th ro u g h o u t  t h e  
r i v e r - e s t u a r y  sy s tem .
V I I .  INTRODUCTION TO FACTOR ANALYSIS
F a c to r  a n a l y s i s  i s  one o f  t h e  most w id e ly  u se d  m u l t i v a r i a t e  
s t a t i s t i c a l  p r o c e d u r e s .  I t s  p u rp o s e  i s  t o  r e d u c e  t h e  o v e r a l l  complex­
i t y  o f t e n  found  in  m u l t i v a r i a t e  d a t a  o f  which l i t t l e  i n s i g h t  i n t o  t h e  
u n d e r ly in g  d a t a  s t r u c t u r e  i s  known. F a c to r  a n a l y s i s  was f i r s t  d ev e lo p ed  
by p s y c h o l o g i s t s  i n  t h e  1930*s and 1940Ts .  I t s  o r i g i n a l  p u rp o se  was 
t o  e x t r a c t  fu n d a m e n ta l  m e a s u r e s sqf, I n t e l l e c t  from s c o r e s  on i n t e l l i g e n c e  
t e s t s  and o t h e r  t e s t s  o f  m e n ta l  a b i l i t y .  S in c e  t h e n ,  f a c t o r  a n a l y s i s  
m ethods have  a t t a i n e d  w id e - s p r e a d  a p p l i c a t i o n  in  many d i s c i p l i n e s  t h a t  
d e a l  w i th  d i f f e r e n t  form s o f  m u l t i v a r i a t e  d a t a .
F a c to r  a n a l y s i s  m ethods have  been  employed in  v a r i o u s  g e o l o g i c a l  
i n v e s t i g a t i o n s .  Klovan (1966) employed t h e  u s e  o f  f a c t o r  a n a l y s i s  
i n  d e te r m in in g  d e p o s i t i o n a l  en v iro n m e n ts  from g r a i n - s i z e  d i s t r i b u t i o n s .  
S a y le s  (1965) u s e d  f a c t o r  a n a l y s i s  f o r  d e te r m in in g  r e l a t i o n s h i p s  
be tw een heav y  m in e r a l  d i s t r i b u t i o n s  in  r e l a t i o n  t o  c o a s t a l  s e d im e n ta ry  
en v iro n m e n ts  a lo n g  t h e  c o a s t s  o f  S o u th e rn  C a l i f o r n i a .  Oh (1980) 
employed f a c t o r  a n a l y s i s  m ethods in  g r a i n - s i z e  a n a l y s i s  i n  t h e  Eyre 
D e l t a .  R e s u l t s  o f  t h i s  a n a l y s i s  were  compared w i th  t h e  G ironde  
E s tu a r y  and t h e  S a l i e  Beach ( F r a n c e ) .  More r e c e n t l y ,  Bopp and Biggs 
(1981) employed f a c t o r  a n a l y s i s  t o  p a r t i t i o n  t h e  v a r i a b i l i t y  o f  
e n v i r o n m e n ta l ly  a c t i v e  m e ta l s  i n  D elaw are Bay s e d im e n ts .
F a c to r  a n a l y s i s  i s  a te rm  u s e d  t o  d e s c r i b e  a c o l l e c t i o n  o f  
n u m e r ic a l  m ethods w hich  a r e  c a p a b le  o f  r e d u c in g  t h e  o v e r a l l
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c o m p le x i ty  o f  s t r u c t u r e d  m u l t i v a r i a t e  d a t a  by a n a ly z in g  i n t e r r e l a t i o n ­
s h i p s  w i th in  a  s e t  o f  v a r i a b l e s  o r  o b j e c t s .  The u n d e r ly in g  o b j e c t  o f  
f a c t o r  a n a l y s i s  i s  t o  C o n s t r u c t  a  few h y p o t h e t i c a l  v a r i a b l e s  o r  o b j e c t s  
c a l l e d  f a c t o r s ,  t h a t  c o n ta i n  t h e  e s s e n t i a l  in f o r m a t io n  i n  a  l a r g e r  s e t  
o f  o r i g i n a l  o b s e r v a t i o n s .  As a  r e s u l t ,  a  sm a l l  number o f  f a c t o r s  w i l l  
a c c o u n t  f o r  t h e  same amount o f  i n f o r m a t io n  a s  t h e  l a r g e r  s e t  o f  
o r i g i n a l  o b s e r v a t i o n s .  T h e r e f o r e ,  f a c t o r  a n a l y s i s  can be  v iew ed  as  
a  m u l t i v a r i a t e  m ethod o f  d a t a  r e d u c t i o n .
F a c to r  a n a l y s i s  i s  c o n ce rn e d  w i th  i n t e r p r e t i n g  t h e  s t r u c t u r e  o f  
t h e  v a r i a n c e - c o v a r i a n c e  m a t r i x  (R-mode) o r  t h e  a s s o c i a t i o n  m a t r i x  
(Q-mode) o b ta in e d  from  a  c o l l e c t i o n  o f  m u l t i v a r i a t e  o b s e r v a t i o n s .  
I n i t i a l l y ,  a  d a t a  m a t r i x ,  X , composed o f  a  c o l l e c t i o n  o f  m u l t i ­
v a r i a t e  o b s e r v a t i o n s  i s  r e p r e s e n t e d  by  N rows and p columns o f  d a t a .
The N rows r e p r e s e n t  o b j e c t s  and  t h e  p columns r e p r e s e n t  o b s e r v a t i o n s  
o r  v a r i a b l e s  m easu red  on each  o b j e c t .
An exam ple o f  such  a  m a t r i x  i s  shown in  T a b le  V II .  These  d a t a  
i l l u s t r a t e  how an o b j e c t  o r  a  v a r i a b l e  can be  r e p r e s e n t e d  a s  a 
v e c t o r  q u a n t i t y  (a  d i r e c t e d  l i n e  segm ent) d e f in e d  a s  a  m a t r i x  w i th  
o n ly  one row o r  column. F ig u r e  20 i s  c o n s t r u c t e d  u s in g  t h e  f i r s t  
and seco n d  rows o f  T a b le  V I I .  The d iag ram  d e s c r i b e s  t h e  e i g h t  
o b j e c t s  ( ro ck  sp ec im en s)  in  te rm s  o f  t h e i r  c o m p o s i t io n  b a se d  on two 
v a r i a b l e s  ( t h e  amount o f  q u a r t z  and h o r n b le n d e ) .  The v a r i a b l e s  
form o r th o g o n a l  c o o r d i n a t e  a x es  and each  o b j e c t  v e c t o r  i s  s a i d  t o  
be  c o n ta i n e d  w i t h i n  t h e  d e f i n e d  ’’v a r i a b l e  s p a c e ” . The d a t a  from 
T ab le  V II w i l l  a l s o  p e r m i t  a  t h r e e - d i m e n s i o n a l  v a r i a b l e  sp a c e  t o  
be  c o n s t r u c t e d  in  w hich  each  o b j e c t  v e c t o r  can be p l o t t e d  w i th  
r e s p e c t  t o  t h e s e  m u tu a l ly  o r th o g o n a l  v a r i a b l e  a x e s .  A lthough
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T a b le  V II .
F ig u r e  20.
An example o f  a  g e o l o g i c a l  d a t a  m a t r ix  (from  JD resk o g ,  
e t  a l . , 1976).
R e p r e s e n t a t i o n  o f  t h e  d a t a  i n  T ab le  V II in  v e c t o r  
( d i r e c t e d  l i n e  segm ent)  form .
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v a r i a b l e  sp ac e  o f  d im en s io n  g r e a t e r  th a n  t h r e e  can n o t  be  v i s u a l i z e d  in  
a  g r a p h i c a l  s e n s e ,  i t  i s  n e v e r t h e l e s s  p o s s i b l e  t o  a p p ly  f a c t o r  a n a l y s i s  
t o  m u l t i v a r i a t e  d a t a  o f  v i r t u a l l y  any d im e n s io n a l  o r d e r  u s i n g  m a t r ix  
a l g e b r a .
At t h i s  p o i n t ,  i t  s h o u ld  be  m en tio n e d  t h a t  one can a l s o  r e p r e s e n t  
t h e  c o l l e c t i o n  o f  v a r i a b l e  d a t a  in  what i s  r e f e r r e d  t o  a s  " o b j e c t  sp ac e "  
and  t h e  p u rp o s e  o f  t h e  a n a l y s i s  would th e n  be  t o  exam ine t h e  r e l a t i o n ­
s h ip  be tw een  v a r i a b l e s  i n  t h i s  s p a c e .  The l a t t e r  t a s k  i s  u n d e r ta k e n  
th ro u g h  developm ent o f  a  m a t r ix  o f  v a r i a b l e  c o r r e l a t i o n s  and form s t h e  
b a s i s  o f  R-mode f a c t o r  a n a l y s i s .  T h i s  ty p e  o f  f a c t o r  a n a l y s i s  h a s  
l i t t l e  a p p l i c a t i o n  in  s t u d i e s  which c r e a t e s  e x c e s s  t u r b u l e n c e ;  t h a t  i s  
c o m p o s i t io n a l  a s p e c t s  ( p r o p o r t i o n a l  m ix in g )  o f  m u l t i v a r i a t e  o b j e c t  
d a t a  and w i l l  n o t  be  d i s c u s s e d  h e r e .  The r e a d e r  i s  r e f e r r e d  t o  Davis 
(1973) f o r  a  d e s c r i p t i o n  o f  R-mode m ethods .
Q-Mode F a c to r  Methods
Q-mode a n a ly s e s  a r e  d e s ig n e d  t o  p o r t r a y  i n t e r r e l a t i o n s h i p s  betw een 
o b j e c t s .  The m a in s ta y  o f  Q-mode f a c t o r  a n a l y s i s  l i e s  w i th  t h e  d e f i n i ­
t i o n  o f  i n t e r - o b j e c t  s i m i l a r i t y .  In  s t u d i e s ,  such  a s  t h e  p r e s e n t  one , 
in v o lv in g  c o m p o s i t io n a l  a s p e c t s  ( p r o p o r t i o n a l  m ix in g )  o f  m u l t i v a r i a t e  
d a t a ,  i t  i s  t h e  p r o p o r t i o n s  o f  t h e  c o n s t i t u e n t s  t h a t  a r e  o f  m a jo r  
im p o r ta n c e .
In  o r d e r  t o  c o n s t r u c t  a " s i m i l a r i t y "  o r  a s s o c i a t i o n  m a t r ix  con­
t a i n i n g  t h e  d e g re e  o f  s i m i l a r i t y  be tw een  a l l  p o s s i b l e  p a i r s  o f  N 
o b j e c t s ,  a  s i m i l a r i t y  c o e f f i c i e n t  m ust f i r s t  be  d e te rm in e d .  T h is  
s i m i l a r i t y  c o e f f i c i e n t  d e f i n e s  t h e  d e g re e  o f  s i m i l a r i t y  be tw een  two 
o b j e c t s  so  t h a t  t h e y  may be  e v a l u a t e d  in  r e l a t i o n  t o  t h e  p r o p o r t i o n s  
o f  t h e i r  c o n s t i t u e n t s .  T hus , f o r  any two o b j e c t s ,  n and m (row
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v e c t o r s  o f  th e  d a t a  m a t r i x ) ,  t h e  c o e f f i c i e n t  o f  p r o p o r t i o n a l  s i m i l a r i t y ,  
’’c o s in e  t h e t a ” com putes t h e  c o s in e  o f  t h e  a n g le  be tw een  t h e  two row 
v e c t o r s  a s  s i t u a t e d  in  p d im e n s io n a l  s p a c e .  The v a lu e  o f  cos  0 r a n g e s  
from + 1 .0  ( f o r  two c o l l i n e a r  v e c t o r s )  t o  0 f o r  two v e c t o r s  90° a p a r t .
A g e o m e t r i c a l  exam ple o f  o b j e c t  ’’s i m i l a r i t y "  a s  m easu red  by  t h e  
cos  0 v a lu e  i s  shown in  F ig u r e  21. Note t h a t  t h e  o b j e c t s  1 and 3 have  
c o n s t i t u e n t s  in  t h e  p r o p o r t i o n  o f  2 :1 .  The cos 0 i3  v a lu e  i s  e q u a l  t o  
+ 1 .0  ( c o l l i n e a r i t y ,  h e n c e ,  a b s o l u t e  s i m i l a r i t y ) .  In  c o n t r a s t ,  t h e  
cos  0 i 2 v a lu e  d e te rm in e d  by  t h e  p r o p o r t i o n s  o f  t h e  c o n ta i n e d  c o n s t i t u ­
e n t s  i s  e q u a l  t o  0 .8 3 8  ( n o n - c o l l i n e a r i t y ,  h e n c e ,  n o n - s i m i l a r i t y ) . I t  
would th e n  f o l l o w  t h a t  i f  two o b j e c t  v e c t o r s  w ere  90° a p a r t ,  t h e  cos 0 
v a lu e  would be  e q u a l  t o  0; h e n c e ,  a b s o l u t e  d i s s i m i l a r i t y .  In  d e a l i n g  
w i th  a  s e t  o f  N o b j e c t s ,  cos  0 must be  computed f o r  e ach  p o s s i b l e  p a i r  
o f  o b j e c t s .  T hus , a l lo w in g  t h e  c o e f f i c i e n t s  t o  be  a r r a n g e d  in  an N x N 
m a t r i x  o f  a s s o c i a t i o n s ,  o r  what i s  th e n  te rm ed  th e  a s s o c i a t i o n  m a t r ix .  
When N i s  l a r g e ,  t h i s  m a t r i x  w i l l  c o n ta i n  many e le m e n ts .  The a s s o c i a ­
t i o n  m a t r ix  i s  t h e n  ra n k e d  by  e i g e n a n a l y s i s .  T h is  w i l l  p r o v id e  a means 
o f  a d e q u a te ly  d e s c r i b i n g  t h e  o b j e c t s  in  te rm s  o f  few er  b a s i c  d im en s io n s  
th a n  o r i g i n a l  v a r i a b l e s .  F o r  f u r t h e r  d e t a i l e d  in f o r m a t io n  on t h e  
p r a c t i c e  and p r o c e d u r e s  o f  Q-mode f a c t o r  a n a l y s i s ,  t h e  r e a d e r  i s  
r e f e r r e d  t o  J b r e s k o g ,  Klovan and Reyment (1 9 7 6 ) .
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F ig u r e  21. A g e o m e t r i c a l  example o f  o b j e c t  " s i m i l a r i t y "  and
" d i s s i m i l a r i t y "  a s  m easu red  by t h e  cos  0 v a lu e  (from 
J b r e s k o g ,  e t  a l . ,  1976).
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Im b rie  (1963) was one o f  t h e  f i r s t  g e o l o g i s t s  who expanded Q-mode 
f a c t o r  a n a l y s i s  m ethods and p u b l i s h e d  com puter p rog ram s t o  show how 
f a c t o r  a n a l y s i s  c o u ld  be a p p l i e d  t o  common g e o l o g i c a l  p ro b lem s  such  a s  
d e l i n e a t i n g  l i t h o f a c i e s .  S u b s e q u e n t ly ,  t h e s e  m ethods have  been  f u r t h e r  
expanded  and s u c c e s s f u l l y  u sed  in  v a r io u s  s e d i m e n ta lo g i c a l  p ro b le m s .  
Klovan and M iesch (1976) l a t e r  d e v e lo p e d  th e  com puter p ro g ram , CABFAC, 
f o r  Q-mode f a c t o r  a n a l y s i s  o f  g e o lo g ic  d a t a  h a v in g  c o n s t a n t  row-sum s.
The l a t t e r  a u th o r s  have  a l s o  d e v e lo p e d  a n o th e r  p ro g ram , Q-MODEL, w hich 
r e a d s  t h e  o u tp u t  f i l e  from CABFAC and can be  u sed  t o  d e v e lo p  a  v a r i e t y  
o f  Q-mode m ode ls .  The u n d e r ly in g  theme o f  t h e s e  m odels  i s  t o  s e r v e  t o  
r e p ro d u c e  e s t i m a t e s  o f  t h e  o r i g i n a l  d a t a  r a t h e r  th a n  o f  t h e  d a t a  in  
ro w -n o rm a l iz e d  form . I t  s h o u ld  a l s o  be  m en tio n ed  t h a t  t h e  CABFAC and 
Q-MODEL a lg o r i th m s  r e p r e s e n t  a s a t i s f a c t o r y  s o l u t i o n  t o  a n a l y s i s  o f  
e m p i r i c a l  d a t a  c o n s id e r e d  t o  be m ix tu r e s  o f  a  f i n i t e  number o f  end- 
members; i f  " p u re "  end-members a r e  found  w i th in  t h e  d a t a  s e t ;  o r ,  i f  t h e  
c o m p o s i t io n  o f  " t r u e "  end-members a r e  known a p r i o r i .  More r e c e n t l y ,  
F u l l ,  e t  a l . ,  1981 have  d e v e lo p e d  an a lg o r i th m  te rm e d  EXTENDED Q-MODEL 
t h a t  d e f i n e s  f e a s i b l e  end-members w hich a r e  " c l o s e s t "  t o  t h e  d a t a  
e n v e lo p e .  T hus , where n e i t h e r  o f  t h e  p r e v i o u s l y  a fo re m e n t io n e d  c o n ­
d i t i o n s  a r e  s a t i s f i e d ,  t h e  c o m p o s i t io n  o f  " e x t e r n a l "  end-members can 
be deduced  from t h e  s t r u c t u r e  o f  t h e  d a t a .
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In  t h i s  i n v e s t i g a t i o n ,  t h e  CABFAC Program o f  Klovan and M iesch 
(1976) i s  employed in  o r d e r  t o  g a in  f u r t h e r  i n s i g h t  i n t o  t h e  s t r u c t u r e  
o f  t h e  n o r m a l iz e d  d a t a  m a t r i x .  T h is  a lg o r i th m  d e te rm in e d  t h a t  seven  
e ig e n v a l u e s ,  d e r i v e d  from t h i s  m a t r i x ,  can d e s c r i b e  99.54% o f  t h e  t o t a l  
g r a i n - s h a p e  v a r i a n c e  o f  t h e  n i n e t y - f o u r  s a n d - sh a p e  sam ples  from  th e  
Rappahannock. The n o rm a l iz e d  d a t a  m a t r ix  i s  c o n s t r u c t e d  from  t h e  
f a c t o r  l o a d in g s  m a t r ix  (94 s a n d - sh a p e  sam ples  t im e s  7 p r i n c i p a l  f a c t o r s  
( e ig e n v a lu e s )  m u l t i p l i e d  by t h e  f a c t o r  s c o r e s  m a t r ix  (16 c l a s s  
i n t e r v a l s  t im e s  7 p r i n c i p l e  f a c t o r s ) .
An o b l iq u e  f a c t o r  s o l u t i o n ,  one o f  t h r e e  m ethods t h a t  t h e  Q-MODEL 
a lg o r i t h m  u s e s  t o  d e f i n e  end-m em bers, i s  employed in  t h e  o u tp u t  f i l e  
from CABFAC. An o b l iq u e  s o l u t i o n  w h ich , by  s e a r c h in g  e i t h e r  t h e  r o t a t e d  
f a c t o r  s p ac e  o r  v a r i a b l e  s p a c e ,  l o c a t e s  ex trem e  p o i n t s  o r  t h e  most 
d iv e r g e n t  sam p les  a s  end-m em bers. These  p o i n t s ,  r e p r e s e n t i n g  r e a l  
s a m p le s ,  become r e f e r e n c e  a x e s .  T hus , t h e  r e l a t i v e  d i s t a n c e s  o f  a l l  
sam ple p o i n t s  ab o u t  t h e s e  r e f e r e n c e s  can be  i n t e r p r e t e d  as  m ix ing  
p r o p o r t i o n s .
The o b l iq u e  f a c t o r  r o t a t i o n  d e te rm in e d  t h a t  t h r e e  e ig e n v a lu e s  a r e  
s u f f i c i e n t  t o  e x p l a i n  98% o f  t h e  v a r i a n c e  in  t h e  d a t a  m a t r ix  and t h a t  
t h e s e  " s i g n i f i c a n t "  e ig e n v a lu e s  r e p r e s e n t  t h r e e  c o m p o s i t i o n a l ly  d i s ­
t i n c t  end-m em bers. These  end-m em bers, o r  m u tu a l ly  o r th o g o n a l  f a c t o r s ,  
a r e  s u f f i c i e n t  enough t o  encompass 98.5% o f  t h e  t o t a l  g r a in - s h a p e  
v a r i a n c e .  F a c to r  I a c c o u n ts  f o r  50.85% o f  t h e  t o t a l  v a r i a n c e .
F a c to r  I I  a c c o u n ts  f o r  47.05% o f  t h e  t o t a l  v a r i a n c e .  F a c to r  I I I  
a c c o u n ts  f o r  0.58% o f  t h e  t o t a l  v a r i a n c e .  T hus , t h e  t o t a l  g r a i n - s h a p e  
v a r i a n c e  among t h e  n i n e t y - f o u r  san d  sh ap e  sam ples  i s  e s s e n t i a l l y  
d e s c r i b e d  by a two f a c t o r  (end-member) sy s tem ; nam ely , f a c t o r  I and
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f a c t o r  I I .  A lth o u g h  end-member ( f a c t o r )  I I I  a c c o u n ts  f o r  0.58% o f  t h e  
t o t a l  v a r i a n c e ,  t h i s  f a c t o r  i s  in c lu d e d  so a s  t o  i n c r e a s e  t h e  d im e n s io n ­
a l i t y  o f  t h e  o b j e c t  s p a c e .  T h is  e n a b le s  a  s u i t a b l e  " sh a p e  window" t o  be
c o n s t r u c t e d  w hich  would t e n d  t o  more a c c u r a t e l y  e x p la i n  t h e  d i s t r i b u t i o n
"\
o f  o b j e c t  v e c t o r s  w i t h i n  t h e  r o t a t e d  f a c t o r  s p a c e .  T h e r e f o r e ,  each  o f  
t h e  n i n e t y - f o u r  o b j e c t  v e c t o r s  ( s a n d -s h a p e  sam p les )  can now be d e s c r i b e d  
in  te rm s  o f  t h e  t h r e e  m u tu a l ly  o r th o g o n a l  end-m em bers.
F ig u r e  22 shows th e  c o n s t r u c t i o n  o f  a  t h r e e  f a c t o r  p l o t  o f  t h e  
g r a in - s h a p e  c o m p o s i t io n a l  d a t a  o f  t h e  n i n e t y - f o u r  s a n d - sh a p e  sam ples  
from t h e  Rappahannock R iv e r - E s tu a r y  System . The o b j e c t  v e c t o r s  (sand  
sam p les )  a r e  p l o t t e d  on a t r i a n g u l a r  c o m p o s i t io n a l  d ia g ra m , so t h a t  t h e  
o b j e c t s  ( sam p les )  may b e  c o n s id e r e d  a s  v a r i o u s  m ix tu r e s  o f  end-members 
I ,  I I ,  and I I I .
The number I n o rm a l iz e d  f a c t o r  component i s  te rm ed  t h e  " ro u g h  end- 
member" w hich  i s  r e p r e s e n t a t i v e  o f  t h e  shape  c h a r a c t e r i s t i c s  o f  t h e  
r i v e r  s a n d - s h a p e  p o p u l a t i o n  found  w i t h i n  t h e  u p p e r  r e a c h e s  o f  th e  
Rappahannock R iv e r .  The number I I  n o rm a l iz e d  f a c t o r  component i s  
te rm e d  t h e  "sm ooth  end-member" w hich  i s  r e p r e s e n t a t i v e  o f  t h e  san d -  
sh ap e  p o p u l a t i o n  com posing t h e  f a s t l a n d  s e d im e n ta ry  m a t e r i a l  t h a t  
o u tc r o p s  a lo n g  t h e  f l a n k s  o f  th e  r i v e r  a t  Rock C reek  T u rn , H orse Head 
P o in t  and Fones C l i f f s .  The number I I I  n o rm a l iz e d  f a c t o r  component 
i s  te rm ed  t h e  " i n t e r m e d i a t e  end-member" w hich i s  t h e  t h i r d  m a th e m a t i c a l ly  
d e r iv e d  end-member whose f a c t o r  axes  e n s u r e s  t h a t  t h e  r e l a t i o n s h i p s  
betw een a l l  t h e  o b j e c t  v e c t o r s  a r e  p o r t r a y e d  a c c o rd in g  t o  t h e  e n t i r e  
sp ec tru m  o f  t h e i r  g r a i n - s h a p e  d i s t r i b u t i o n .  H ence, each  o b j e c t  v e c t o r  
(san d  sam ple) i s  composed o f  v a r i o u s  p e r c e n ta g e s  o f  t h e  t h r e e  end- 
members ( f a c t o r  com p o n en ts) .
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F ig u r e  22. C o n s t r u c t io n  o f  a  t h r e e - f a c t o r  t r i a n g u l a r  d iag ram  
i l l u s t r a t i n g  t h e  t r e n d  g r a d i e n t s  o b se rv e d  in  t h e  
d i s t r i b u t i o n  o f  t h e  n i n e t y - f o u r  s a n d - sh a p e  sam ples  
among t h e  t h r e e  end-members d e te rm in e d  from Q-mode 
f a c t o r  a n a l y s i s .
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F ig u r e  22 c l e a r l y  i l l u s t r a t e s  t h a t  t r e n d  g r a d i e n t s  a r e  e v id e n t  
among t h e  d i s t r i b u t i o n  o f  o b j e c t  v e c t o r s  c o n ta i n e d  w i th in  t h e  o b j e c t  
sp ac e  d e f i n e d  by t h e  t h r e e  end-member ( f a c t o r )  com ponents . The t r e n d  
g r a d i e n t s  o b s e rv e d  w i t h i n  t h e s e  t r i a n g u l a r  d ia g ram s  d i s p l a y  t h e  end- 
r e s u l t s  o f  t h e  (Q-mode) d a t a  r e d u c in g  t e c h n i q u e .  The p a r t i c u l a r  
l o c a t i o n  o f  each  s a n d - s h a p e  sam ple on th e  t r i a n g u l a r  d iag ram s a r e  
d i c t a t e d  by  t h e i r  p e r c e n t  c o m p o s i t io n  o f  each  o f  t h e  r e s p e c t i v e  t h r e e  
end-member ( f a c t o r )  com ponents.
F ig u r e  22a shows t h a t  i t  i s  r e a d i l y  a p p a r e n t  t h a t  sand  sam ples  
from t h e  f a s t l a n d  b l u f f s  a t  Rock C reek  T u rn , H orse Head P o in t  and Fones 
C l i f f s  c l u s t e r  c l o s e l y  a ro u n d  t h e  "sm ooth" end-member o r  t h e  number I I  
n o rm a l iz e d  f a c t o r  com ponent. Each o f  t h e  f a s t l a n d  b l u f f  s a n d -sh a p e  
sam ples  a r e  c o m p rised  o f  a t  l e a s t  70% o f  t h e  "sm ooth" end-member. Only 
n e g l i g i b l e  p e r c e n t a g e s  o f  t h e  " ro u g h "  and " i n t e r m e d i a t e "  end-members 
( I  and I I I )  a r e  c o n ta i n e d  w i th in  t h e s e  sam p les .
F ig u r e  22b shows t h e  d i s t r i b u t i o n  g r a d i e n t  o f  sand  sam ples  r e p r e ­
s e n t a t i v e  o f  t h e  P ie d m o n t- d e r iv e d  r i v e r  s a n d -sh a p e  p o p u l a t i o n .  I t  i s  
c l e a r l y  e v id e n t  in  t h i s  f i g u r e  t h a t  t h e  r i v e r  san d s  c l u s t e r  a ro u n d  t h e  
" ro u g h "  end-member o r  number I n o rm a l iz e d  f a c t o r  com ponent. T h is  t r e n d  
g r a d i e n t  i s  c l e a r l y  d iv e r g e n t  from  t h e  f a s t l a n d  b l u f f  sands  t r e n d  
g r a d i e n t .  The r i v e r  s an d  sam ples  a r e  com prised  as  a s  g r e a t  as  90% and
a t  l e a s t  52% o f  t h e  " ro u g h "  end-member ( f a c t o r  I ) .
F ig u r e  22c shows t h e  d i s t r i b u t i o n  g r a d i e n t  o f  sand  sam ples  r e p r e ­
s e n t a t i v e  o f  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone . These sand  sam ples  
t e n d  t o  c l u s t e r  in  a  zone t h a t  i s  an i n t e r m e d i a t e  p o s i t i o n  betw een 
th e  " ro u g h "  and t h e  "sm ooth"  end-m em bers. The s a n d -sh a p e  p o p u la t io n  
c o n ta i n e d  w i th in  t h i s  zone i s  g e n e r a l l y  composed o f  2-40% o f  t h e
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"sm oo th” end-member and  30-50% o f  t h e  " ro u g h "  end-member. The d i s t r i ­
b u t i o n  g r a d i e n t  o f  sand  sam ples  i n d i c a t e s  t h a t  t h e  s a n d - s h a p e  p o p u la t i o n  
c o n ta i n e d  in  t h i s  zone i s  c o m p rised  o f  a  m ix tu r e  o f  b o th  t h e  " ro u g h "  
and "sm ooth"  end-m em bers. T h is  s u p p o r t s  t h e  h y p o th e s i s  t h a t  b o th  t h e  
P ie d m o n t- d e r iv e d  r i v e r  s a n d - sh a p e  p o p u la t i o n  and t h e  f a s t l a n d  b l u f f  
s a n d - s h a p e  p o p u l a t i o n  a r e  m ix in g  t o g e t h e r  w i th in  t h e  a c t i v e  t r a n s p o r t  
sy s tem  a lo n g  t h e s e  r e a c h e s .
F ig u r e  22d shows t h e  d i s t r i b u t i o n  g r a d i e n t  o f  sand  sam ples  r e p r e ­
s e n t a t i v e  o f  t h e  e s t u a r y  zo n e . T hese  sam ples  t e n d  t o  c l u s t e r  in  a  zone 
t h a t  i s  c l o s e  t o  t h e  "sm ooth"  end-member ( f a c t o r  I I ) .  Some o f  t h e  
san d  sam ples  in  t h i s  zone c o n ta i n  a s  much a s  50% o f  t h e  " ro u g h "  end- 
member (RP150), a l th o u g h  t h e  e s t u a r y  sam ples  g e n e r a l l y  c o n ta i n  from 
10-20% o f  t h e  " ro u g h "  end-member. N o n e th e le s s ,  i t  m ust be s t a t e d  t h a t  
s i g n i f i c a n t  p e r c e n t a g e s  o f  t h e  " ro u g h "  end-member a r e  c o n s i s t e n t l y  
p r e s e n t  w i th in  t h e  sand  sam ples  froiji t h e  e s t u a r y .  A g e n e r a l  t r e n d  
to w a rd s  t h e  "sm ooth"  end-member may s u g g e s t  t h a t  more rounded  sand  
s i z e d  sed im en t i s  b e in g  c o n t r i b u t e d  t o  t h e  e s t u a r i n e  sed im en t reg im e 
v i a  l a t e r a l  e r o s io n  o f  i t s  f a s t l a n d  b a n k s .
End-Member ( F a c to r )  P e r c e n ta g e s
T a b le  V I I I  l i s t s  a s e r i e s  o f  s a n d -sh a p e  sam ples  c o n ta in e d  w i th in  
e a c h  h y d ro g r a p h ic  zone. These  sam ples  a r e  r e p r e s e n t a t i v e  o f  th e  
o b s e rv e d  t r e n d  g r a d i e n t s  in  t h e  p e r c e n t  c o m p o s i t io n  o f  each  o f  th e  
t h r e e  end-member com ponents . F ig u r e s  23 th ro u g h  25 i l l u s t r a t e  t h e s e  
o b se rv e d  t r e n d  g r a d i e n t s  f o r  e ach  zone a s  w e l l  a s  t r e n d s  o b se rv ed  
a lo n g  t h e  e n t i r e  l e n g th  o f  t h e  r i v e r - e s t u a r y  sy s tem .
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R iv e r  Zone
F ig u r e  23 i l l u s t r a t e s  t h e  t r e n d  g r a d i e n t s  o b se rv e d  in  t h e  end- 
member p e r c e n t  c o m p o s i t io n s  o f  t h e  s a n d - sh a p e  sam ples  from  t h e  r i v e r  
zone . The m ost n o t i c e a b l e  t r e n d  i s  t h a t  s a n d -sh a p e  sam ples  from t h i s  
zone a r e  c o n s i s t e n t l y  com prised  o f  h ig h  p e r c e n t a g e s  o f  th e  " ro u g h 11 
end-member. T h is  t r e n d  does  d e v i a t e  in  t h e  v i c i n i t y  o f  Rock C reek  
Turn where f a s t l a n d  b l u f f s  d i r e c t l y  o u tc ro p  a lo n g  t h e  s o u th  s i d e  o f  
t h e  r i v e r .  RP031 i s  a  sand  sam ple o f  t h i s  b l u f f  m a t e r i a l .  I t  i s  
c l e a r l y  e v id e n t  t h a t  t h e  end-member p e r c e n t  c o m p o s i t io n  o f  RP031 
d i r e c t l y  c o n t r a s t s  t h a t  o f  t h e  p e r c e n t  c o m p o s i t io n s  o f  th e  n a t i v e  
r i v e r  s an d s  occu p y in g  t h e  r i v e r  c h a n n e l  up t o  t h i s  p o i n t .  RP033 i s  
a  sand  sam ple l o c a t e d  w i th in  t h e  r i v e r  c h an n e l  d i r e c t l y  a d j a c e n t  t o  
Rock C reek  T urn . In  com parison  w i th  t h e  p e r c e n t  c o m p o s i t io n  o f  th e  
f a s t l a n d  b l u f f  s a n d s ,  t h i s  sam ple c o n ta i n s  n e a r l y  e q u a l  p e r c e n ta g e s  
o f  b o th  t h e  " ro u g h "  and "sm ooth" end-m em bers. Sand sam ples  ta k e n  
b o th  u p r i v e r  (RP098) and d o w n r iv e r  (RP101) from Rock C reek  Turn c o n ta in  
s i g n i f i c a n t l y  h i g h e r  p e r c e n ta g e s  o f  t h e  " ro u g h "  end-member th a n  does 
t h e  sand  sam ples  from t h e  r i v e r  in  t h e  im m ediate  v i c i n i t y  o f  Rock 
Creek  T u rn . T h is  e v id e n c e  s u g g e s t s  t h a t  t h e  i n j e c t i o n  o f  f a s t l a n d  
b l u f f  s an d s  i n t o  t h e  a c t i v e  t r a n s p o r t  system  may p ro d u ce  more o f  a 
l o c a l i z e d  e f f e c t  upon t h e  d i s t r i b u t i o n  o f  s a n d -sh a p e  c h a r a c t e r i s t i c s  
w i t h i n  t h e  r i v e r  zone . I t  s h o u ld  a l s o  be  m en tio n e d  t h a t  t h e  t r e n d s  
o b se rv e d  in  t h e  f a c t o r  p e r c e n t  c o m p o s i t io n s  in  th e  r i v e r  zone a r e  a l s o  
c o n s i s t e n t  w i th  t h e  t r e n d s  o b se rv ed  in  t h e  h i s to g r a m  and c u m u la t iv e  
p e r c e n t  g r a i n - s h a p e  d a t a .
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TABLE V II I
LIST OF REPRESENTATIVE SAND-SHAPE SAMPLES AND THEIR PERCENT 
COMPOSITION OF THE THREE END-MEMBER (FACTORS I ,  I I ,  AND I I I )  
COMPONENTS FOR EACH OF THE THREE HYDROGRAPHIC ZONES
RIVER ZONE
% o f  F a c to r
>AMPLE MEAN STD. DEV. I I I I I I LOCATION
RP010 2 .2 6 . 177 52 14 34 F r e d e r i c k s b u r g  Bar
RP061 2 .1 7 . 179 80 7 ;■ 13 B ern a rd  B ar-C hannel
RP070 2 .2 3 . 154 49 5 46 C a s t l e  F e r r y  B ar-C hannel
RP076 2 .2 6 . 172 40 16 44 Moss Neck B ar-C hanne l
RP089 2 .2 5 . 180 45 14 41 Hop Yard B ar-C hannel
RP098 2 .2 5 .204 50 25 25 Mount B ar-C hannel
RP031 2 .3 7 .165 5 57 38 Rock C reek  T u r n - B lu f f
RP033 2 .3 1 . 196 31 37 32 Rock C reek  T urn -C hanne l
RP101 2 .2 4 .184 49 14 37 C lev e -C h an n e l
RIVER--ESTUARY TRANSITION ZONE
RP037 2 .2 4 .199 45 24 31 P o r t  R o y a l-N o rth
RP105 2 .2 2 .207 55 23 22 P o r t  R oyal-C hannel
RP106 2 .2 2 . 198 59 20 21 2 .5  km D.R. from P o r t  R oyal-
C hannel
RP112 2 .1 8 . 195 76 12 12 P o r to b ag o  Bay-Channel
RP115 2 .4 2 . 188 8 70 22 D e v i ls  E lbow -South
RP117 2 .4 5 . 163 4 84 12 H orse Head P o i n t - B l u f f
RP042 2 .3 9 . 185 9 61 30 H orse  Head P o in t -C h a n n e l
RP142 2 .2 9 . 185 41 38 21 L eedstow n-C hannel
RP120 2. 30 .211 42 44 14 Paynes I s l a n d - N o r th
RP144 2 .3 3 .202 30 51 19 Paynes I s la n d -C h a n n e l
RP123 2 .4 6 .177 6 87 7 Fones C l i f f s - B l u f f
RP055 2 .2 9 .177 23 28 49 M u lb e rry  P o in t -C h a n n e l
TABLE VIII (Continued)
ESTUARY ZONE
% o f  F a c to r
SAMPLE MEAN STD. DEV. I I I I I I LOCATION
RP058 2 .3 5 .204 26 54 20 T appahannock-S ou th
RP057 2 .3 5 .194 23 52 25 Tappahannock- Channe1
RP056 2 .3 2 . 193 30 42 28 T appahannock-N orth
RP134 2 .3 0 . 197 26 33 41 Wares W harf-N orth
RP137 2 .3 5 .186 26 53 21 Wares W harf-Sou th
RP150 2 .2 7 .208 50 37 13 N e a ls  P o in t -C h a n n e l
RP139 2 .3 6 .1 9 7 29 61 10 S h a rp s -N o r th
RP151 2 .3 5 .184 14 50 36 S h a rp s - Channe1
RP141 2 .3 8 . 188 14 60 26 S h a rp s -S o u th
RP152 2 .3 8 .188 8 52 40 M o ra t t ic o -C h a n n e l
RP157 2 .3 5 . 192 17 54 29 Greys P o in t - S o u th
RP155 2 .3 7 .179 15 54 31 Towles P o in t -C h a n n e l
RP160 2 .3 5 .196 14 38 48 M osqu ito  P o in t -C h a n n e l
RP161 2 .3 3 .216 37 58 5 W indm ill P o in t
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Figure 23. Illustration of the trend gradients observed in the end-
member percent compositions representative of sand-shape
samples from the river zone.
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R i v e r - E s tu a r y  T r a n s i t i o n  Zone
F ig u r e  24 i l l u s t r a t e s  t h e  t r e n d  g r a d i e n t s  o b se rv e d  in  t h e  end- 
member p e r c e n t  c o m p o s i t io n s  o f  t h e  san d  sam ples  from  t h e  r i v e r - e s t u a r y  
t r a n s i t i o n  zone . From P o r t  Royal d o w n r iv e r  t o  P o r to b ag o  Bay, san d -  
shape  sam ples  a r e  s t i l l  c l e a r l y  dom ina ted  by  t h e  " ro u g h "  end-member 
r e p r e s e n t a t i v e  o f  t h e  P ie d m o n t- d e r iv e d  r i v e r  s a n d -sh a p e  p o p u l a t i o n .  
Sand sam p les  from t h e  r i v e r  c h a n n e l  a s  w e l l  as  a lo n g  t h e  f l a n k i n g  
s h o a l s  o f  t h i s  r e a c h  c o n ta i n  h ig h  p e r c e n t a g e s  o f  t h e  " ro u g h "  end- 
member.
As t h e  r i v e r  a p p ro a c h e s  H orse  Head P o i n t ,  w here f a s t l a n d  b l u f f s  
d i r e c t l y  o u tc ro p  a lo n g  t h e  n o r t h e r n  s i d e  o f  t h e  r i v e r ,  t h e  p red o m in an t  
i n f l u e n c e  o f  t h e  " ro u g h "  end-member m a rk e d ly  d e c r e a s e s  w i th in  t h e  
r i v e r  c h a n n e l  from 76% a t  P o r to b ag o  Bay t o  9% a t  Horse Head P o i n t .
In  t h e  im m edia te  v i c i n i t y  o f  H orse  Head P o i n t ,  f a c t o r  I I ,  t h e  "sm ooth" 
end-member now c l e a r l y  d o m in a te s  t h e  sa n d -sh a p e  c h a r a c t e r i s t i c s  con­
t a i n e d  w i t h i n  t h e  s a n d - s i z e d  sed im en t occupy ing  t h i s  r e a c h  (61% f a c t o r  
I I  and 9% f a c t o r  I ) .  The b l u f f  sam ple a t  H orse  Head P o in t  c o n ta i n s  
84% o f  t h e  "sm ooth" end-member and a  n e g l i g i b l e  amount (4%) o f  t h e  
" ro u g h "  end-member. T h is  d a t a  s t r o n g l y  s u g g e s t s  t h a t  s a n d - s i z e d  
sed im en t d e r iv e d  from t h e  f a s t l a n d  b l u f f s  a t  H orse  Head P o in t  i s  
b e in g  c o n t r i b u t e d  t o  t h e  r i v e r ' s  a c t i v e  t r a n s p o r t  system  a lo n g  t h i s  
r e a c h .
Moving d o w n riv e r  from H orse  Head P o i n t ,  t h e  s t r o n g  in f l u e n c e  o f  
t h e  "sm ooth" end-member b e g in s  t o  g r a d u a l l y  d im in is h .  T h is  c o r r e ­
sponds w i th  a  r e l a t i v e  i n c r e a s e  in  t h e  p e r c e n t a g e s  o f  th e  " ro u g h "  
end-member. In  p a r t i c u l a r ,  a t  Leedstown (a p p ro x im a te ly  6 km d o w n riv e r  
from  H orse Head P o in t )  RP142 c o n t a i n s  a  n e a r l y  even p e r c e n ta g e  o f
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Figure 24. Illustration of the trend gradients observed in the end-
member percent compositions representative of sand-shape
samples from the river-estuary transition zone.
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b o th  t h e  " ro u g h "  (41%) and "sm ooth" (38%) end-m em bers. T h is  a g a in  
s u g g e s t s  t h a t  a m ix tu r e  o f  b o th  s a n d - sh a p e  p o p u l a t i o n s  i s  b e in g  
a c t i v e l y  t r a n s p o r t e d  d o w n r iv e r  from Horse Head P o in t  to w a rd s  t h e  head  
o f  t h e  e s t u a r y .
At Fones C l i f f s  (d o w n r iv e r  from Leedstown) f a s t l a n d  b l u f f  s e d i ­
m ents  a g a in  d i r e c t l y  o u tc ro p  a lo n g  t h e  n o r t h e r n  s i d e  o f  t h e  r i v e r .
Here a  s i m i l a r  t r e n d  e x i s t s  i n  t h e  s a n d -sh a p e  d i s t r i b u t i o n s  a n a lo g o u s  
t o  H orse  Head P o i n t .  The s a n d - s i z e d  sed im en t c o n ta in e d  w i th in  t h e  
Fones C l i f f s  b l u f f s  c o n ta i n s  87% o f  t h e  "sm ooth" end-member. Sand 
sam ples  from  t h e  r i v e r  c h a n n e l  a s  w e l l  as  a lo n g  th e  f l a n k i n g  s h o a l s  
i n  t h e  im m edia te  v i c i n i t y  o f  Fones C l i f f s  c o n ta i n  n e a r l y  even p e r c e n t ­
a g es  o f  b o th  t h e  " ro u g h "  and "sm ooth"  end-m em bers. T h is  e v id e n c e  i s  
c o n s i s t e n t  w i th  t h a t  o f  t h e  t r e n d s  o b se rv ed  u p r i v e r  n e a r  H orse  Head 
P o in t  in  t h a t  b o th  s a n d - sh a p e  p o p u l a t i o n s  a r e  m ix in g  t o g e t h e r  w i th in  
a c t i v e  t r a n s p o r t  a lo n g  t h i s  r e a c h .
A pproach ing  t h e  head  o f  t h e  e s t u a r y  (d o w n riv e r  from Fones C l i f f s )  
s and  sam ples  from t h e  c h an n e l  and s h o a l s  c o n ta in  n e a r l y  even p e r c e n t ­
ag es  o f  b o th  s a n d - sh a p e  p o p u l a t i o n s .  T h is  t r e n d  i s  in  c o n s i s t e n t  
ag reem en t w i th  t h e  h i s to g r a m  and c u m u la t iv e  p e r c e n t  d a t a  f o r  t h i s  
r e a c h .  T h e r e f o r e ,  b a se d  on t h e  e v id e n c e  p r e s e n t e d ,  i t  a p p e a rs  t h a t  
b o th  t h e  P ie d m o n t-d e r iv e d  r i v e r  s a n d - sh a p e  p o p u la t i o n  as  w e l l  as  t h e  
f a s t  la n d  b l u f f  s a n d - sh a p e  p o p u l a t i o n  a r e  p r e s e n t  w i th in  t h e  b o tto m  
s e d im e n ts  a t  t h e  h ead  o f  t h e  e s t u a r y .
E s tu a r y  Zone
F ig u r e  25 i l l u s t r a t e s  t h e  t r e n d  g r a d i e n t s  o b se rv ed  in  t h e  end- 
member p e r c e n t  c o m p o s i t io n s  o f  t h e  san d  sam ples  from t h e  e s t u a r y  zone.
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Figure 25. Illustration of the trend gradients observed in the end-
member percent compositions representative of sand-shape
samples from the estuary zone.
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The m ost n o t i c e a b l e  t r e n d  g r a d i e n t  i n  t h i s  zone i s  t h a t  h i g h e r  p e r c e n t ­
a g es  o f  t h e  " ro u g h ” end-member a r e  c o n ta in e d  w i th in  t h e  c h a n n e l  and 
f l a n k i n g  s h o a l s  o f  t h e  u p p e r  e s t u a r y  r e a c h e s  th a n  in  t h e  m id d le  and 
low er e s t u a r y  r e a c h e s .  Sand sam ples  from Tappahannock d o w n es tu a ry  t o  
S h a rp s  c o n ta i n  from 20-50% o f  t h e  " ro u g h "  end-member a s s o c i a t e d  w i th  
v a r y in g  p e r c e n t a g e s  o f  t h e  "sm ooth"  end-member.
The t r e n d - g r a d i e n t  o b se rv e d  w i t h i n  t h e  m id d le  and low er p o r t i o n s  
o f  t h e  e s t u a r y  show t h a t  t h e  p e r c e n t  c o m p o s i t io n  o f  t h e  " ro u g h "  end- 
member t e n d s  t o  g r a d u a l l y  d im in i s h  down t o  a round  15% c o r re s p o n d in g  
w i th  a  g r a d u a l  i n c r e a s e  in  t h e  "sm ooth"  end-member p e r c e n t a g e s .  T h is  
t r e n d  i s  o b se rv e d  w i th in  t h e  c e n t r a l  ch an n e l  as  w e l l  as  a lo n g  th e  
f l a n k i n g  s h o a l s .  A n o th e r  i n t e r e s t i n g  t r e n d  g r a d i e n t  i s  o b se rv e d  a lo n g  
th e  s h o a l i n g  a r e a s  o f  t h e  m id d le  e s t u a r y .  H igher  p e r c e n ta g e s  o f  th e  
"sm ooth"  end-member o c c u r  w i t h i n  t h e  s a n d - s i z e d  se d im e n ts  c o n ta in e d  
on t h e  s o u th e r n  s h o a l i n g  a r e a s  t h a n  a lo n g  th e  n o r t h e r n  s h o a l i n g  a r e a s .  
T h is  c o u ld  be a t t r i b u t e d  t o  t h e  h i g h e r  r a t e s  o f  e r o s io n  a lo n g  th e  
s o u th e r n  f l a n k s  o f  t h e  e s t u a r y  a s  compared t o  t h e  n o r t h e r n  f l a n k s .  
C o n se q u e n t ly ,  l a r g e r  amounts o f  more rounded  s a n d - s i z e d  s e d im e n t ,  
d e r i v e d  from f a s t  la n d  e r o s i o n ,  may be c o n t r i b u t e d  t o  t h e  s o u th e r n  
s h o a l  sed im en t reg im e  th a n  t h a t  o f  t h e  n o r t h e r n  s h o a l in g  a r e a s  
f l a n k i n g  t h e  e s t u a r y ' s  c e n t r a l  c h a n n n e l .  A no ther  i n t r i g u i n g  p ie c e  
o f  e v id e n c e  w i th in  t h e  low er e s t u a r y  i s  t h a t  t h e  sand  sam ple ta k e n  
j u s t  o u t s i d e  t h e  e s t u a r y  mouth c o n t a i n s  37% o f  t h e  " ro u g h "  end-member. 
T h is  i s  a  h i g h e r  p e r c e n t a g e  o f  f a c t o r  I th a n  any sand  sam ple c o n ta in e d  
w i th in  t h e  s e d im e n ts  o f  t h e  e s t u a r y  p r o p e r .
IX. DISCUSSION AND INTERPRETATION OF RESULTS
Up t o  t h i s  p o i n t ,  q u a n t i t a t i v e  i n v e s t i g a t i o n s  c o n c e n t r a t i n g  on t h e  
t r a n s p o r t  o f  s a n d - s i z e d  sed im en t w i t h i n  A t l a n t i c  C o a s ta l  P l a i n  e s t u a r i e s  
h a s  r e c e i v e d  m in im al a t t e n t i o n ,  f o r  i t  i s  w e l l  known t h a t  s e d im e n ts  
w i th in  t h e s e  e s t u a r i e s  t e n d  t o  be  m a in ly  co m p rised  o f  muds ( s i l t s  and 
c l a y s )  and o r g a n ic  m a t t e r  w i th  l e s s e r  p e r c e n ta g e s  o f  san d . T h is  i s  
a t t r i b u t e d  t o  t h e  th o u g h t  t h a t  a v e r a g e  b i - d i r e c t i o n a l  f lo w  p a t t e r n  in  
p a r t l y  mixed e s t u a r i e s  c r e a t e s  an e s s e n t i a l l y  c lo s e d  sys tem  in  te rm s  o f  
su sp en d ed  sed im en t  t r a n s p o r t  p r o c e s s e s  ( s e e  F ig u r e  1, Krone, 1972). 
C o n s e q u e n t ly ,  i t  i s  b e l i e v e d  t h a t  r i v e r - b o r n e  s a n d - s i z e d  sed im en t i s  
i n h i b i t e d  from d o w n - r iv e r  t r a n s p o r t  i n t o  t h e  e s t u a r i n e  sed im en t reg im e  
p a s s  t h e  landw ard  l i m i t  o f  s a l t  i n t r u s i o n .
The r e s e a r c h  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  i s  t o  a t te m p t  t o  g a in  
q u a n t i t a t i v e  i n s i g h t  i n t o  t h e  q u e s t i o n  as  t o  w h e th e r  r i v e r - b o r n e  s an d ­
s i z e d  sed im en t o r i g i n a t i n g  in  t h e  u p p e r  r e a c h e s  o f  t h e  Rappahannock 
R iv e r  i s  u l t i m a t e l y  t r a n s p o r t e d  i n t o  t h e  e s t u a r i n e  sed im en t reg im e . In  
a d d i t i o n ,  e v a l u a t e  p l a u s i b l e  t r a n s p o r t  mechanisms which may p r o v id e  t h e  
o p p o r t u n i t y  f o r  r i v e r - b o r n e  san d s  t o  move i n t o  t h e  Rappahannock E s tu a r y .
Based upon t h e  s p a t i a l  d i s t r i b u t i o n  o f  s a n d - s i z e d  sed im en t w i th in  
t h e  Rappahannock R i v e r - E s tu a r y  System , a s  d e te rm in e d  by bo ttom  sed im en t
t e x t u r a l  a n a l y s i s ,  t h e  two m a jo r  landw ard  s o u r c e s  o f  s a n d - s i z e d  sed im en t
*
t o  t h e  Rappahannock E s tu a r y  a r e  t h e  P ie d m o n t-d e r iv e d  r i v e r  s an d s  and 
t h e  f a s t  la n d  b l u f f  s a n d s .  Bottom sed im en t t e x t u r a l  a n a l y s i s  shows t h a t
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san d  i s  t h e  m a jo r  c o n s t i t u e n t  o f  sed im en t sam ples  from t h e  r i v e r  zone , 
p a r t i c u l a r l y  w i t h i n  t h e  r i v e r  c h a n n e l .  The r i v e r  ch an n e l  from 
F r e d e r i c k s b u r g  t o  P o r t  Royal c o n s i s t e n t l y  c o n ta i n s  h ig h  p e r c e n t a g e s  
o f  san d . The c h a n n e l - b a r s  w i t h i n  t h e  r i v e r  zone c o n ta i n  v a r y in g  p e r ­
c e n ta g e s  o f  s a n d .  The t e x t u r a l  t r e n d s  o b s e rv ed  on t h e s e  d e p o s i t i o n a l  
f e a t u r e s  i n d i c a t e s  t h a t  h i g h e r  p e r c e n t a g e s  o f  s an d  a r e  c o n ta in e d  on 
t h e  c h a n n e l - b a r s  l o c a t e d  n e a r  t h e  f a l l  l i n e  in  t h e  p r o x im i ty  o f  
F r e d e r i c k s b u r g .  The h ig h  p e r c e n ta g e  o f  sand  on t h e s e  b a r s  t e n d s  t o  
g r a d u a l l y  d e c r e a s e  moving d o w n riv e r  to w ard s  P o r t  Royal and t h e  
t e x t u r a l  t r e n d s  seem t o  be  d i c t a t e d  by t h e  m eander m orphology.
In  t h e  r i v e r - e s t u a r y  t r a n s i t i o n  zone, t h e  g e n e r a l  t r e n d  i s  t h a t  
h i g h e r  p e r c e n t a g e s  o f  sand  a r e  c o n ta in e d  w i th in  t h e  r i v e r  c h an n e l  th a n  
a lo n g  t h e  f l a n k i n g  s h o a l s ,  a l th o u g h  t h e  o p p o s i t e  o f  t h i s  t r e n d  o c c u rs  
n e a r  P o r t  R oyal. An i n t e r e s t i n g  t r e n d  o c c u rs  a lo n g  t h e  s h o a l i n g  a r e a s  
o f  t h i s  zone w here f a s t l a n d  b l u f f s  d i r e c t l y  o u tc ro p  a lo n g  th e  f l a n k s  
o f  t h e  r i v e r .  The p e r c e n ta g e  o f  sand  i n c r e a s e s  d r a m a t i c a l l y  i n  t h e  
v i c i n i t y  o f  t h e  b l u f f e d  r e a c h e s  a lo n g  H orse  Head P o in t  and Fones C l i f f s .  
In  a d d i t i o n ,  t h e  p e r c e n ta g e  o f  s an d  c o n ta in e d  a lo n g  t h e  n o r t h e r n  s h o a l  
i n  t h i s  zone c l o s e l y  c o r re s p o n d s  w i th  t h e  p e r c e n ta g e  o f  sand  c o n ta in e d  
a lo n g  t h e  s o u th e r n  s h o a l .  T h is  t e x t u r a l  d a t a  i s  a good i n d i c a t i o n  t h a t  
t h e  c o n s t a n t  d e n u d a t io n  o f  f a s t l a n d  b l u f f  s e d im e n ts  i s  c o n t r i b u t i n g  
s i g n i f i c a n t  p e r c e n ta g e s  o f  s a n d - s i z e d  sed im en t t o  t h e  r i v e r ' s  a c t i v e  
t r a n s p o r t  sy s tem  a lo n g  t h e s e  r e a c h e s .
In  t h e  Rappahannock E s tu a r y ,  h i g h e r  p e r c e n t a g e s  o f  sand  o c cu r  
c lo s e  t o  t h e  s h o r e l i n e  on s h o a l i n g  a r e a s  f l a n k i n g  t h e  e s t u a r y ' s  c e n t r a l  
c h a n n e l .  The p e r c e n ta g e  o f  sand  g e n e r a l l y  d e c r e a s e s  o r  g ra d e s  ou tw ard  
to w ard s  t h e  e s t u a r y  c h a n n e l .  Lower p e r c e n t a g e s  o f  sand  o c cu r  w i th in
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t h e  e s t u a r y  c h a n n e l  r e l a t i v e  t o  t h e  f l a n k i n g  s h o a l s .  The t r e n d  o f  
h i g h e r  p e r c e n t a g e s  o f  s an d  a lo n g  t h e  s h o a l s  th a n  w i t h i n  t h e  e s t u a r y  
c h a n n e l  would  seem t o  s u g g e s t  t h a t  l a t e r a l  e r o s io n  o f  t h e  f a s t  la n d  
f l a n k s  o f  t h e  e s t u a r y  may b e  c o n t r i b u t i n g  san d  t o  t h e  e s tu a ry *  s a c t i v e  
t r a n s p o r t  sy s tem . A l t e r n a t i v e l y ,  t h i s  may a l s o  s u g g e s t  t h e  p o s s i b i l i t y  
t h a t  t h e  f l a n k i n g  s h o a l s  a r e  a  p o t e n t i a l  pa thw ay  f o r  r i v e r - b o r n e  s an d ­
s i z e d  sed im en t  t o  be  t r a n s p o r t e d  i n t o  t h e  e s t u a r y ,  s i n c e  a  n e t - la n d w a r d  
b o t to m  f lo w  does n o t  u s u a l l y  e x i s t  a lo n g  th e  s h o a l s .
Thus, t h e  q u a n t i t a t i v e  e v id e n c e  s u p p l i e d  b y  sed im en t t e x t u r a l  
a n a l y s i s  n o t  o n ly  p r o v id e s  i n f o r m a t io n  on t h e  s p a t i a l  d i s t r i b u t i o n  o f  
s a n d - s i z e d  sed im en t w i t h i n  t h e  r i  v.e r - e s t u a r y  sy s tem  b u t  a l s o  shows 
t h a t  c e r t a i n  t r e n d s  i n  t h e  d i s t r i b u t i o n  a r e  e v i d e n t .  These t r e n d s  
p r e s e n t  e v id e n c e  t h a t  i s  s u p p o r t i v e  o f  t h e  s t a t e m e n t  t h a t  t h e  two 
m a jo r  landw ard  s o u r c e s  o f  san d  t o  t h e  e s t u a r y  a r e  t h e  P ie d m o n t-d e r iv e d  
r i v e r  san d s  and t h e  f a s t  la n d  b l u f f  s a n d s .  More i m p o r t a n t l y ,  t e x t u r a l  
e v id e n c e  shows t h a t  san d  i s  c o n s i s t e n t l y  p r e s e n t  i n  v a r i o u s  d e g re e s  
w i t h i n  t h e  e s t u a r i n e  sed im en t re g im e ,
)
F o u r i e r  g r a in - s h a p e  a n a l y s i s  p r o v id e s  t h e  most c o m p e l l in g  q u a n t i ­
t a t i v e  e v id e n c e  t h a t  i s  s u p p o r t i v e  o f  th e  h y p o th e s i s  t h a t  r i v e r - b o r n e  
san d s  a r e  p r e s e n t  w i t h i n  t h e  Rappahannock *s e s t u a r i n e  sed im en t reg im e . 
Based on t h e  d i s t r i b u t i o n  o f  F o u r i e r  harm onic  a m p l i tu d e s ,  g r a in - s h a p e  
a n a l y s i s  i s  s u c c e s s f u l  i n  i d e n t i f y i n g  two s t a t i s t i c a l l y  n o n - s i m i l a r  
s a n d - sh a p e  p o p u l a t i o n s ;  n am ely ,  t h e  P ie d m o n t-d e r iv e d  r i v e r  s a n d s ,  
o ccu p y in g  t h e  u p p e r  r e a c h e s  o f  t h e  Rappahannock R iv e r  and t h e  f a s t  lan d  
b l u f f  s a n d s .  G e o l o g i c a l l y ,  e ach  o f  t h e s e  two s a n d - sh a p e  p o p u l a t i o n s  
were d e p o s i t e d  d u r in g  d i f f e r e n t  g e o l o g i c a l  t im e  s e t t i n g s  as  w e l l  as  
d i f f e r e n t  d e p o s i t i o n a l  e n v iro n m e n ts .  S a n d - s iz e d  sed im en t o ccupy ing
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t h e  u p p e r  r e a c h e s  o f  th e  Rappahannock R iv e r  i s  d e r iv e d  from Piedmont 
Q u a te r n a ry  f l u v i a l  t e r r a c e  d e p o s i t s  w hich  f l a n k  t h e  u p p e r  r e a c h e s  o f  
t h e  r i v e r  above t h e  f a l l  l i n e  a t  F r e d e r i c k s b u r g .  S a n d - s iz e d  sed im en t 
c o n ta i n e d  w i th in  t h e  f a s t l a n d  b l u f f  s e d im e n ta ry  m a t e r i a l  a t  Rock Creek 
T u rn ,  H orse  Head P o in t  and Fones C l i f f s  i s  T e r t i a r y  i n  age and d e p o s i t e d  
i n  m a r in e ,  n e a r - s h o r e  m ar in e  and f l u v i a l  d e p o s i t i o n a l  e n v iro n m e n ts .
I t  i s ,  i n  a  s e n s e ,  f o r t u i t o u s  t h a t  t h e  two m a jo r  landw ard  s o u r c e s  
o f  s a n d - s i z e d  sed im en t  t o  t h e  Rappahannock E s tu a r y  ( r i v e r  san d s  and 
f a s t l a n d  b l u f f  s an d s )  p o s s e s s  q u a n t i f i a b l y  d i s t i n c t  s a n d -sh a p e  a t t r i ­
b u t e s .  H ence, i t  a p p e a rs  t h a t  F o u r i e r  g r a i n - s h a p e  a n a l y s i s  i s  w e l l  
s u i t e d  t o  a d d r e s s  t h e  r e s e a r c h  o b j e c t i v e s  a s  a q u a n t i t a t i v e  means o f  
d e te r m in in g  t h e  d i s t r i b u t i o n  o f  t h e  two n o n - s i m i l a r  s a n d -sh a p e  p o p u la ­
t i o n s  w i t h i n  t h e  Rappahannock R iv e r - E s tu a r y * s  a c t i v e  t r a n s p o r t  sy s tem . 
More im p o r t a n t l y ,  t h i s  ty p e  o f  a n a l y s i s  w i l l  a l s o  a l lo w  q u a n t i t a t i v e  
i n f e r e n c e s  t o  be  made on w h e th e r  t h e  P ie d m o n t-d e r iv e d  r i v e r  s a n d -sh a p e  
a t t r i b u t e s  a r e  p r e s e n t  w i t h i n  t h e  e s t u a r i n e  sed im en t reg im e .
The q u a n t i t a t i v e  g r a in - s h a p e  d a t a  i s  g e n e r a t e d  by t h e  d i s t r i b u t i o n  
o f  F o u r i e r  ha rm on ic  a m p l i tu d e s  o f  n i n e t y - f o u r  g r a in - s h a p e  sam ples  o v e r  
a  d e f in e d  ra n g e  o f  F o u r i e r  ha rm on ic  a m p l i tu d e  v a l u e s .  T h is  d a t a  p r e ­
s e n t s  i n t e r e s t i n g  t r e n d  g r a d i e n t s  w i th in  t h e  Rappahannock R iv e r - E s tu a r y  
sy s tem  c o r re s p o n d in g  t o  t h e  g r a i n - s h a p e  ( s i g n a t u r e s )  c h a r a c t e r i s t i c s  
and s p a t i a l  d i s t r i b u t i o n  o f  t h e  two n o n - s i m i l a r  sh ap e  p o p u l a t i o n s .
These t r e n d  g r a d i e n t s  a l s o  c o r re s p o n d  w e l l  w i th  t h e  s p a t i a l  d i s t r i b u ­
t i o n  ( p e r c e n t  sand  by w e ig h t)  o f  s a n d - s i z e d  sed im en t th ro u g h o u t  t h e  
b o tto m  s e d im e n ts  o f  t h e  r i v e r - e s t u a r y  sy s tem . The h i s to g ra m  and 
c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  c l e a r l y  i l l u s t r a t e  t h e  n o n - s i m i l a r i t y
147
o f  t h e  two g r a i n - s h a p e  p o p u l a t i o n s  a s  w e l l  a s  r e a d i l y  a p p a r e n t  t r e n d s  
i n  t h e  s p a t i a l  d i s t r i b u t i o n s  o f  t h e s e  p o p u l a t i o n s  w i th in  t h e  Rappahannock 
R i v e r - E s t u a r y 1s a c t i v e  t r a n s p o r t  sy s tem .
H is to g ram  d a t a  o b j e c t i v e l y  c h a r a c t e r i z e s  t h e  q u a n t i t a t i v e  g r a i n -  
sh ap e  a t t r i b u t e s  o f  t h e  two g r a i n - s h a p e  p o p u l a t i o n s .  The P iedm ont-  
d e r iv e d  r i v e r  s an d s  a r e  r e p r e s e n t e d  by an a v e ra g e  sam ple mean o f  2 .2 5  
( ( ^  = - lo g io R ^ )  aod s t a n d a r d  d e v i a t i o n  o f  0 .1 7 5 .  These  r i v e r  san d s  a r e  
c h a r a c t e r i z e d  a s  h a v in g  " ro u g h ” o r  a n g u la r  g r a i n  s h a p e s .  The f a s t l a n d  
b l u f f  san d s  a r e  r e p r e s e n t e d  by  an a v e ra g e  sam ple mean o f  2 .4 3  and 
s t a n d a r d  d e v i a t i o n  o f  0 .1 6 5 .  F a s t l a n d  b l u f f  g r a i n - s h a p e s  a r e  c h a r a c t e r ­
i z e d  a s  h a v in g  "sm ooth"  o r  rou n d ed  g r a i n - s h a p e s .  The n o n - s i m i l a r i t y  o f  
t h e  g r a i n - s h a p e  a t t r i b u t e s  o f  t h e  two p o p u la t i o n s  can b e  r e l a t e d  t o  each  
o f  t h e  p o p u l a t i o n ' s  d e p o s i t i o n a l  e n v iro n m e n ts .  I n t u i t i v e l y ,  one would 
e x p e c t  P ie d m o n t- d e r iv e d  Q u a te rn a ry  f l u v i a l  san d s  t o  be  v e ry  a n g u la r  in  
shape  due t o  i t s  r e l a t i v e  im m a tu r i ty  w i th in  t r a n s p o r t i n g  e n v iro n m e n ts .  
C o n v e r s e ly ,  one would e x p e c t  T e r t i a r y  f a s t l a n d  b l u f f  s a n d s ,  d e p o s i t e d  
i n  m a r in e  and f l u v i a l  e n v i ro n m e n ts ,  t o  have  a  more rounded  shape  s in c e  
t h e s e  se d im e n ts  may have  been  s u b j e c t e d  t o  v a r i o u s  h i g h e r  e n e rg y  t r a n s ­
p o r t  en v iro n m e n ts  o v e r  lo n g e r  p e r i o d s  o f  t im e .
The d i s t r i b u t i o n  o f  h i s to g r a m  d a t a  o f  t h e  g r a in - s h a p e  sam ples  
th ro u g h o u t  t h e  r i v e r - e s t u a r y  sy s tem  p r e s e n t  a  s t r o n g  i n d i c a t i o n  o f  
t r e n d  g r a d i e n t s  o c c u r r in g  among t h e  d i s t r i b u t i o n  o f  t h e  two sa n d -sh a p e  
p o p u l a t i o n s  w i t h i n  t h e  a c t i v e  t r a n s p o r t  sy s tem . The d i s t r i b u t i o n  o f  
h i s to g r a m  d a t a  i n  t h e  r i v e r - z o n e  shows a c o n s i s t e n t  t r e n d ,  in  t h a t  t h e  
g r a in - s h a p e  p o p u l a t i o n  o ccupy ing  t h i s  zone h a s  sam ple means skewed t o  
t h e  low er Q^ v a lu e s  ( a v e ra g e  2 .2 5 )  i n d i c a t i n g  " ro u g h "  o r  a n g u la r  shape  
p a t t e r n s .  The r i v e r  s a n d - s h a p e  p o p u la t io n  i s  p r e s e n t  i n  b o th  t h e
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p r e s e n t  w i t h i n  t h e  e s t u a r i n e  sed im en t  reg im e  b o t h  i n  t h e  e s t u a r y  c h an n e l  
a s  w e l l  a s  a lo n g  i t s  f l a n k i n g  s h o a l s .
On t h e  b a s i s  o f  m u l t i p l e  sam ple  c o m p ar iso n s ,  c u m u la t iv e  p e r c e n t  
p l o t s  o f  t h e  d i s t r i b u t i o n  o f  F o u r i e r  ha rm on ic  a m p l i tu d e s  p r e s e n t s  t r e n d s  
w h ich  r e f l e c t  an i n t e r n a l  c o n s i s t e n c y  t h a t  i s  a l s o  p r e s e n t  w i t h i n  t h e  
h i s to g r a m  d a t a .  F ig u re  19a c l e a r l y  shows t h e  n o n - s i m i l a r i t y  be tw een  
t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  o f  t h e  r i v e r  sands  and t h e  f a s t l a n d  
b l u f f  san d s  o v e r  t h e  r a n g e  o f  F o u r i e r  ha rm on ic  a m p l i tu d e  v a l u e s .  T here  
i s  an a p p a r e n t  i n t e r n a l  c o n s i s t e n c y  in  t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u ­
t i o n s  o f  b o th  s a n d - sh a p e  p o p u l a t i o n s  i n  t h a t  t h e r e  i s  a v e r y  s m a l l  ra n g e  
o f  d e v i a t i o n  among t h e  d i s t r i b u t i o n  o f  sand  sam ples  from each  p o p u l a t i o n .  
T h is  s u g g e s t s  t h a t  t h e r e  i s  an  o v e r a l l  c o n s i s t e n c y  i n  t h e  s a n d - sh a p e  
c h a r a c t e r i s t i c s  o f  t h e  s a n d - s i z e d  s e d im e n ts  o ccupy ing  t h e s e  zo n es .  T h is  
s m a l l  ra n g e  o f  d e v i a t i o n  among t h e  sam ple d i s t r i b u t i o n s  o c c u r s  w i th in  
t h e  r i v e r  zone and e s t u a r y  zone (F ig u re  1 9 c ) . The r i v e r - e s t u a r y  t r a n s i ­
t i o n  zone shows a t r e n d  t h a t  i s  o p p o s i t e  t o  t h a t  o b se rv e d  in  t h e  r i v e r  
and e s t u a r y  z o n e s . . i n  t h i s  zo n e , t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  
o f  g r a in - s h a p e  sam ples  d i s p l a y s  a  w ide ra n g e  o f  d e v i a t i o n .  The t r e n d  in  
t h i s  zone shows t h a t  i n  a r e a s  w here f a s t l a n d  b l u f f s  o u tc ro p  a lo n g  th e  
r i v e r  (Horse Head P o in t  and Fones C l i f f s ) ,  t h e  c u m u la t iv e  p e r c e n t  p l o t s  
s h i f t  m a rk e d ly  from t h e  low er v a l u e s  t o  h i g h e r  v a lu e s  (which a r e  
c h a r a c t e r i s t i c  o f  t h e  f a s t l a n d  b l u f f  g r a in - s h a p e  d i s t r i b u t i o n s ) .
Moving d o w n riv e r  away from th e  b l u f f e d  r e a c h e s  and to w ard s  t h e  e s t u a r y ,  
t h e  c u m u la t iv e  p e r c e n t  d i s t r i b u t i o n s  b e g in  t o  g r a d u a l l y  s h i f t  back  t o  
t h e  lo w er  v a l u e s .  T h is  t r e n d  g r a d i e n t  s u g g e s t s  t h a t  f a s t l a n d  b l u f f  
s a n d - sh a p e  c h a r a c t e r i s t i c s  a r e  p r e s e n t  w i th in  t h e  r i v e r ’ s a c t i v e  t r a n s ­
p o r t  sy s tem  a lo n g  t h e s e  r e a c h e s .  The f a c t  t h a t  t h e  c u m u la t iv e  p e r c e n t
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r i v e r  c h an n e l  and on t h e  d e p o s i t i o n a l  m eander b a r s .  In  t h e  r i v e r -  
e s t u a r y  t r a n s i t i o n  z o n e ,  t h e  r i v e r  s a n d - sh a p e  p o p u l a t i o n  s t i l l  dom ina tes  
p a s s  P o r t  Royal down t o  P o r to b ag o  Bay. D ow nriver from P o r to b ag o  Bay, 
a n o th e r  t r e n d  g r a d i e n t  d e v e lo p s  i n  t h e  v i c i n i t y  o f  b l u f f e d  r e a c h e s  a t  
H orse  Head P o in t  and f u r t h e r  d o w n r iv e r  a t  Fones C l i f f s .  Based on t h e  
d i s t r i b u t i o n  o f  h i s to g ra m  d a t a ,  t h e  s a n d - s i z e d  sed im en t  w i t h i n  a c t i v e  
t r a n s p o r t  a lo n g  t h e s e  r e a c h e s  a r e  composed o f  v a r i o u s  m ix tu r e s  o f  t h e  
two s a n d - sh a p e  p o p u l a t i o n s .  T h is  i s  i n d i c a t e d  by g r a in - s h a p e  sample 
means t h a t  a r e  i n t e r m e d i a t e  o f  r i v e r  and f a s t l a n d  b l u f f  s a n d -sh a p e  
p o p u l a t i o n  m eans, a  w id e r  r a n g e  o f  s t a n d a r d  d e v i a t i o n s  and i n d i c a t i o n s  
o f  b im odal o r  po lym odal g r a i n - s h a p e  d i s t r i b u t i o n s .
In  t h e  Rappahannock E s tu a r y ,  t r e n d s  o b s e rv e d  in  t h e  d i s t r i b u t i o n  
o f  h i s to g r a m  d a t a  a l s o  s u g g e s t  t h a t  s a n d - s i z e d  sed im en t w i th in  t h e  
e s t u a r y  reg im e  i s  co m p rised  o f  v a r i o u s  m ix tu r e s  o f  t h e  two s a n d -sh a p e  
p o p u l a t i o n s  found  landw ard  o f  t h e  e s t u a r y .  T h i s ,  a g a in ,  i s  i n d i c a t e d  
by  sam ple means t h a t  a r e  i n t e r m e d i a t e  t o  t h e  ex trem e  s a n d -sh a p e  sam p les ,  
a  w id e r  ra n g e  o f  s t a n d a r d  d e v i a t i o n s  and  po lym odal d i s t r i b u t i o n s .  
G ra in - s h a p e  d i s t r i b u t i o n s  o f  sam ples  occupy ing  t h e  u p p e r  e s tu a r y * s  
c e n t r a l  ch an n e l  and f l a n k i n g  s h o a l s  t e n d  t o  re s e m b le  t h a t  o f  t h e  
r i v e r - s a n d  sh ap e  p o p u la t io n  w i t h  sam ple  means skewed to w a rd s  t h e  low er 
y a l u e s .  G ra in - s h a p e  d i s t r i b u t i o n s  o ccupy ing  t h e  m id d le  and low er 
e s t u a r y  on b o t h  t h e  f l a n k i n g  s h o a l s  and c h an n e l  show a g r a d u a l  t r e n d  
to w a rd s  smoother*1 sh ap e  a t t r i b u t e s ,  y e t  w ide r a n g e s  o f  s t a n d a r d  
d e v i a t i o n s  a s  w e l l  a s  po lym odal d i s t r i b u t i o n s ,  a r e  e v id e n t  in  t h e s e  
sam p les .  T hus , t h e  h i s to g r a m  d a t a  p r o v id e s  f i r s t - h a n d  q u a n t i t a t i v e  
e v id e n c e  which s u p p o r t s  t h e  h y p o th e s i s  t h a t  r i v e r - b o r n e  san d s  a r e
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d i s t r i b u t i o n s  s h i f t  m a rk e d ly  from  lo w er  Q^ v a lu e s  to w ard s  h i g h e r  
v a lu e s  a lo n g  t h e  b l u f f e d  r e a c h e s  and th e n  g r a d u a l l y  s h i f t s  back  to w a rd s  
lo w er ( ^  v a lu e s  a p p ro a c h in g  t h e  e s t u a r y ,  s u g g e s t s  t h a t  t h e  i n j e c t i o n  
o f  f a s t l a n d  b l u f f  s a n d s  p ro d u c e s  a  l o c a l i z e d  e f f e c t  upon t h e  d i s t r i b u ­
t i o n  o f  s a n d - sh a p e  c h a r a c t e r i s t i c s  i n  t h i s  zone . The c u m u la t iv e  
p e r c e n t  d i s t r i b u t i o n s  a r e  a l s o  s u p p o r t i v e  o f  t h e  h y p o th e s i s  t h a t  t h e  
r i v e r  and  b l u f f  s a n d - sh a p e  p o p u l a t i o n s  a r e  m ix ing  t o g e t h e r  w i th in  t h e  
a c t i v e  t r a n s p o r t  sy stem  and t h a t  v a r i o u s  m ix tu r e s  o f  t h e s e  two s a n d -  
shape  p o p u l a t i o n s  a r e  p r e s e n t  w i th in  t h e  e s t u a r y ' s  c e n t r a l  c h a n n e l  as  
w e l l  as  a lo n g  t h e  f l a n k i n g  s h o a l s .
R e s u l t s  o f  t h e  Q-mode f a c t o r  a n a l y s i s  p r o v id e  t h e  q u a n t i t a t i v e  
m a in s ta y  f o r  t h e  h y p o th e s i s  t h a t  r i v e r - b o m e  s a n d - s i z e d  sed im en t i s  
p r e s e n t  w i t h i n  t h e  e s t u a r i n e  sed im en t  reg im e  o f  t h e  Rappahannock 
R iv e r - E s tu a r y  sy s tem . The Q-mode f a c t o r  a n a l y s i s  a p p l i e d  t o  g r a i n -  
shape  d a t a  i s  b a se d  on t h e  p e r c e n t a g e  f r e q u e n c y  d i s t r i b u t i o n s  o v e r  th e  
s i x t e e n  Qn c l a s s  i n t e r v a l s  f o r  t h e  a n a ly z e d  n i n e t y - f o u r  sand  sam p les .  
Q-mode a n a l y s i s  i s  s u c c e s s f u l  i n  d e te r m in in g  t h r e e  c o m p o s i t io n a l ly  
d i s t i n c t  end-members ( f a c t o r  c o m p o n en ts ) ,  o b ta in e d  from t h e  n o rm a l iz e d  
d a t a  m a t r i x ,  t h a t  a r e  s u f f i c i e n t  t o  encompass 98.5% o f  t h e  t o t a l  g r a i n -  
shape  v a r i a t i o n  w i th in  t h e  n i n e t y - f o u r  san d  sam p les .  End-members 
( f a c t o r s )  I  and I I  r e p r e s e n t  9.8.0% o f  t o t a l  v a r i a n c e .  These e n d -  
members a r e  r e p r e s e n t a t i v e  o f  t h e  r i v e r  s a n d -sh a p e  p o p u l a t i o n  and th e  
f a s t l a n d  b l u f f  s a n d - sh a p e  p o p u l a t i o n .  T h is  i n d i c a t e s  t h a t  t h e  t h r e e  
end-member ( f a c t o r )  com ponents a r e  s u f f i c i e n t  enough t o  e x p la in  
v i r t u a l l y  a l l  o f  t h e  t o t a l  g r a i n - s h a p e  v a r i a n c e  w i th in  t h e  san d  
s am p le s .  More i m p o r t a n t l y ,  Q-mode a n a l y s i s  shows t h a t  most o f  t h e  
v a r i a b i l i t y  among t h e  s a n d - sh a p e  sam ples  from t h e  r i v e r - e s t u a r y ' s
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a c t i v e  t r a n s p o r t  sy s te m , o c c u r s  be tw een t h e  r i v e r  s a n d - sh a p e  p o p u la t io n  
( f a c t o r  I )  and t h e  f a s t l a n d  b l u f f  s a n d -sh a p e  p o p u l a t i o n  ( f a c t o r  I I ) .  
T h i s ,  o f  c o u r s e ,  c o r r e l a t e s  w e l l  w i th  t h e  t r e n d s  o b se rv e d  in  t h e  h i s t o ­
gram and c u m u la t iv e  p e r c e n t  g r a in - s h a p e  d a t a .
The t h r e e - f a c t o r  ( t r i a n g u l a r )  d iag ram  (F ig u re  22) d e p i c t s  o b v io u s  
t r e n d s  in  t h e  d i s t r i b u t i o n  o f  s a n d -sh a p e  sam ples  among th e  t h r e e  end- 
member com ponents. F ig u r e  22 c l e a r 1y shows how t h e  Q-mode f a c t o r  
a n a l y s i s  s e r v e s  t o  d i f f e r e n t i a t e  t h e  r i v e r  s a n d - sh a p e  p o p u la t io n  and 
th e  f a s t l a n d  b l u f f  s a n d - sh a p e  p o p u l a t i o n .  The r i v e r  s a n d -sh a p e  p o p u la ­
t i o n  t e n d s  t o  c l u s t e r  a ro u n d  end-member I ,  w h i le  t h e  f a s t l a n d  b l u f f  
s a n d -sh a p e  p o p u la t i o n  c l u s t e r s  a round  end-member I I .  G ra in - s h a p e  
sam ples  from th e  r i v e r - e s t u a r y  t r a n s i t i o n  zone and e s t u a r y  zone a r e  
composed o f  v a r i o u s  p e r c e n t a g e s  o f  t h e  r i v e r  and f a s t l a n d  b l u f f  san d -  
shape  p o p u l a t i o n s .  The r i v e r  zone san d  sam ples  t e n d  t o  be  composed o f  
h ig h  p e r c e n ta g e s  o f  end-member I .  S and -sam ples  from  th e  r i v e r - e s t u a r y  
t r a n s i t i o n  zone t e n d  t o  c l u s t e r  in  an a r e a  w i th in  t h e  m id d le  o f  t h e  
d iag ram . The d i s t r i b u t i o n  o f  t h e s e  sand  sam ples  show t h a t  san d -sh a p e  
c h a r a c t e r i s t i c s  i n  t h i s  zone t e n d  t o  be composed o f  i n t e r m e d ia t e  
p e r c e n t a g e s  o f  t h e  " ro u g h "  end-member I and th e  "sm ooth" end-member I I .  
The p o i n t  t h a t  s a n d -sa m p le s  w i th in  t h i s  zone c o n ta in  n e a r l y  even 
p e r c e n t a g e s  o f  end-member I and end-member I I  s u g g e s t s  t h a t  s a n d - s i z e d  
sed im en t w i th in  a c t i v e  t r a n s p o r t  i s  composed o f  v a r i o u s  m ix tu r e s  o f  
t h e  P ie d m o n t- d e r iv e d  r i v e r  san d s  and t h e  f a s t l a n d  b l u f f - d e r i v e d  s a n d s .
In  t h e  e s t u a r y  zone , san d  sam ples  t e n d  t o  c l u s t e r  in  an a r e a  t h a t  
i s  c l o s e r  t o  end-member I I  th a n  end-member I .  T h is  i n f e r s  t h a t  t h e  
s a n d - sh a p e  c h a r a c t e r i s t i c s  o f  sand  w i th in  t h e  e s t u a r y  t e n d s  t o  be o f
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a more ro u n d ed  n a t u r e ,  y e t  e v id e n c e  o f  " ro u g h ” sand  g r a i n - s h a p e s  i s  
s t i l l  c o n s i s t e n t l y  p r e s e n t  w i th in  t h e  e s t u a r i n e  s e d im e n ts .
The end-member p e r c e n t a g e  d iag ram s (F ig u re s  22 -24 ) p r e s e n t  a  more 
c l e a r  r e p r e s e n t a t i o n  o f  Q-mode f a c t o r  a n a l y s i s  r e s u l t s  in  t h a t  t h e y  
d i s p l a y  t h e  l a t e r a l  and l o n g i t u d i n a l  t r e n d s  o f  t h e  end-member p e r c e n ­
t a g e s  f o r  each  h y d ro g r a p h ic  zone. The most s t r i k i n g  t r e n d s  o b se rv e d  in  
t h e s e  d iag ram s i s  t h a t  h ig h  p e r c e n t a g e s  o f  end-member I ,  r e p r e s e n t a t i v e  
o f  t h e  P ie d m o n t- d e r iv e d  r i v e r  s a n d -sh a p e  p o p u l a t i o n ,  a r e  p r e s e n t  w i th in  
t h e  r i v e r  ’ s c h an n e l  and b a r  san d s  from  F r e d e r i c k s b u r g  t o  P o r to b ag o  Bay. 
When t h e  r i v e r  comes in  c o n ta c t  w i th  t h e  H orse  Head P o in t  f a s t l a n d  
b l u f f  s e d im e n ts ,  t h e  p e r c e n t  c o m p o s i t io n  o f  end-member I w i th in  t h e  
c h a n n e l  san d  sam ples  d r a m a t i c a l l y  d e c r e a s e s  from 76% a t  P o r to b ag o  Bay 
t o  9% a t  H orse  Head P o i n t .  T h is  c o r re s p o n d s  w i th  a  d ra m a t ic  i n c r e a s e  
in  t h e  p e r c e n t  c o m p o s i t io n  o f  end-member I I  from 12% a t  P o r to b ag o  Bay 
t o  61% in  t h e  r i v e r  ch an n e l  a t  H orse Head P o i n t .  End-member I I I  
a c c o u n ts  f o r  t h e  re m a in in g  30%. Moving d o w n riv e r  from Horse Head 
P o i n t ,  away from th e  i n f l u e n c e  o f  t h e  f a s t l a n d  b l u f f s ,  t h e  p e r c e n t  
c o m p o s i t io n  o f  end-member I and end-member I I  even o u t ,  b o th  w i th in  
t h e  r i v e r  c h a n n e l  a s  w e l l  a s  a lo n g  t h e  f l a n k in g  s h o a l s .  When th e  
r i v e r  comes in  c o n t a c t  w i th  Fones C l i f f s ,  a  s i m i l a r  t r e n d  i s  a g a in  
e v i d e n t .  The f a s t l a n d  b l u f f  san d s  a t  Fones C l i f f s  a r e  com prised  o f  
87% o f  end-member I I ,  w h i le  s a n d - s i z e d  sed im en t w i th in  a c t i v e  t r a n s p o r t  
d i r e c t l y  a d j a c e n t  t o  t h e  b l u f f s  in  b o th  t h e  r i v e r  c h an n e l  and f l a n k i n g  
s h o a l s  show n e a r l y  even p e r c e n ta g e s  o f  end-member I and end-member I I .  
T h is  q u a n t i t a t i v e  e v id e n c e  s t r o n g l y  s u p p o r t s  t h e  h y p o th e s i s  t h a t  t h e  
r i v e r  san d s  and b l u f f  san d s  a r e  in v o lv e d  in  some s o r t  o f  m ix ing  p r o ­
c e s s  w i t h i n  a c t i v e  t r a n s p o r t  a t  t h e  i n j e c t i o n  p o i n t s  o f  t h e  f a s t l a n d
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b l u f f  san d s  (H orse  Head P o in t  and Fones C l i f f s ) .  More im p o r t a n t l y ,  
t h i s  d a t a  shows t h a t  a  f a i r l y  even  m ix tu r e  o f  b o th  s a n d -sh a p e  p o p u la ­
t i o n s  i s  p r e s e n t  w i th in  t h e  r i v e r  ch an n e l  a s  w e l l  a s  t h e  f l a n k i n g  s h o a l s  
moving d o w n r iv e r  to w a rd s  t h e  head  o f  t h e  e s t u a r y  a t  Tappahannock.
Thus, i t  would c e r t a i n l y  seem p l a u s i b l e  t h a t  r i v e r - b o r n e  s a n d - s i z e d  
sed im en t t h a t  i s  e v e n t u a l l y  t r a n s p o r t e d  d o w n riv e r  i n t o  t h e  e s t u a r i n e  
sed im en t reg im e  v i a  t h e  c e n t r a l  c h an n e l  o r  i t s  f l a n k i n g  s h o a l s  would 
t e n d  t o  be  composed o f  a  m ix tu r e  o f  b o th  t h e  r i v e r  and f a s t l a n d  b l u f f s  
s a n d - sh a p e  p o p u l a t i o n s .
The t r e n d  g r a d i e n t s  o b se rv e d  w i th in  t h e  e s t u a r y  zone a r e  a l s o  
s u p p o r t i v e  o f  t h e  m ix in g  h y p o t h e s i s .  T h is  i s  p a r t i c u l a r l y  e v id e n t  
w i th in  t h e  u p p e r  e s t u a r y .  In  b o th  th e  e s t u a r y ’ s c e n t r a l  c h an n e l  as  
w e l l  as  i t s  f l a n k i n g  s h o a l s ,  end-member I co m p rise s  30-50% o f  th e  san d -  
s a m p le s ,  w h i le  end-member I I  g e n e r a l l y  c o m p rises  40-60%. I t  i s  a l s o  
e v id e n t  t h a t  in  t h e  u p p e r  e s t u a r y ,  h i g h e r  p e r c e n ta g e s  o f  end-member I 
a r e  p r e s e n t  w i th in  t h e  e s t u a r y  c h a n n e l  th a n  on i t s  f l a n k i n g  s h o a l s .
T h is  s u g g e s t s  t h a t  t h e  P ie d m o n t-d e r iv e d  r i v e r  san d s  may move more 
r e a d i l y  i n t o  t h e  e s t u a r y  v i a  t h e  c e n t r a l  c h an n e l  th a n  a lo n g  i t s  
f l a n k i n g  s h o a l s .  A l t e r n a t i v e l y ,  low er p e r c e n t a g e s  o f  end-member I 
o c c u r r in g  a lo n g  t h e  e s t u a r y ' s  s h o a l i n g  a r e a s  s u g g e s t s  t h a t  P iedm ont- 
d e r iv e d  r i v e r  san d s  may be  t r a n s p o r t e d  i n t o  t h e  e s t u a r y  a lo n g  th e  
f l a n k i n g  s h o a l s  and th e n  may become rew orked  and t r a n s p o r t e d  from 
t h e  s h o a l s  i n t o  t h e  e s t u a r y  c h a n n e l .  I t  i s  a l s o  a  p o s s i b i l i t y  t h a t  
l a t e r a l  e r o s io n  o f  t h e  e s t u a r y ’ s f l a n k s  i s  c o n t r i b u t i n g  more rounded  
sand  sed im en t sh ap e s  t o  t h e  e s t u a r i n e  sed im en t re g im e ,  p a r t i c u l a r l y  
a lo n g  s h o a l i n g  a r e a s  c l o s e  t o  t h e  s h o r e l i n e .
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In t h e  ;m iddle and lo w er  e s t u a r y ,  t h e  p e r c e n t  c o m p o s i t io n  o f  end- 
member I g r a d u a l l y  d im in i s h e s  w i t h i n  t h e  e s t u a r y ’ s c e n t r a l  c h a n n e l  as  
w e l l  as  a lo n g  i t s  f l a n k i n g  s h o a l s .  T h is  c o u ld  be a t t r i b u t e d  t o  a 
r e l a t i v e  i n c r e a s e  in  t h e  r a t e  o f  l a t e r a l  e r o s io n  o f  f a s t l a n d  m a t e r i a l  
f l a n k i n g  t h e  r e a c h e s  o f  t h e  m id d le  and low er e s t u a r y .  A r e s u l t i n g  
i n c r e a s e d  in p u t  o f  more rounded  s a n d - s i z e d  sed im en t t o  t h e  e s t u a r y ’ s 
a c t i v e  t r a n s p o r t  sy s tem  may c r e a t e  a  m asking  e f f e c t  upon t h e  P iedm ont-  
d e r iv e d  r i v e r  s an d s  p r e s e n t  w i th in  t h e  c h an n e l  and s h o a l  san d s  a lo n g  
t h e s e  r e a c h e s .  In  o t h e r  w ords , t h e  p r e s e n c e  o f  Piedmont R iv e r  san d s  
w i th in  t h e  m id d le  and low er e s t u a r y  may be  subdued by t h e  i n c r e a s e d  
d e p o s i t i o n  o f  more ro u n d ed  s a n d - s i z e d  sed im e n ts  t h a t  may be l o c a l l y  
d e r i v e d  from s h o r e l i n e  e r o s io n  o f  t h e  f a s t l a n d .  In  a d d i t i o n ,  f a i r l y  
r a p i d  r a t e s  o f  s ed im en t d e p o s i t i o n  w i th in  th e  low er e s t u a r y  ch an n e l  
may a l s o  p ro d u ce  a m asking  e f f e c t  upon th e  p r e s e n c e  o f  P ie d m o n t-d e r iv e d  
r i v e r  san d s  a lo n g  th e s e  r e a c h e s .  A n o th e r  p o s s i b i l i t y  may be t h a t  
l e s s e r  amounts o f  P ie d m o n t- d e r iv e d  r i v e r  sands  a r e  a c t u a l l y  t r a n s p o r t e d  
as  f a r  down a s  t h e  low er e s t u a r y .  T h i s  would c o r r e l a t e  w e l l  w i th  t h e  
g r a d u a l l y  d e c r e a s e  in  end-member I  p e r c e n ta g e s  in  b o th  th e  e s t u a r y  
c h a n n e l  a s  w e l l  a s  t h e  f l a n k i n g  s h o a l s  from t h e  u p p e r  e s t u a r y  down 
i n t o  t h e  low er e s t u a r y .
A n o th e r  i n t r i g u i n g  p i e c e  o f  e v id e n c e  p ro v id e d  by t h e  Q-mode 
a n a l y s i s  i s  t h a t  t h e  sand  sam ple ta k e n  in  t h e  ch an n e l  o u t s i d e  th e  
mouth o f  t h e  Rappahannock R iv e r  c o n ta in e d  37% o f  end-member I .  T h is  
s u g g e s t s  t h a t  t h e  shape  c h a r a c t e r i s t i c s  o f  t h e  P ie d m o n t-d e r iv e d  r i v e r  
san d s  a r e  a l s o  p r e s e n t  w i th in  t h e  se d im e n ts  o u t s id e  t h e  r i v e r  mouth.
I t  a l s o  im p l ie s  t h a t  r i v e r - b o r n e  s a n d - s i z e d  sed im en t may e v e n t u a l l y  
become t r a n s p o r t e d  o u t  o f  t h e  r i v e r - e s t u a r y  sys tem , h e n c e ,  becoming
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a p a r t  o f  t h e  C hesapeake Bay sed im en t re g im e .  A lthough  one can 
o n ly  s p e c u l a t e  on t h e  b a s i s  o f  one sample o u t s i d e  t h e  mouth o f  th e  
Rappahannock R iv e r ,  t h e  f a c t  t h a t  t h i s  sam ple c o n ta i n s  37% o f  end- 
member I does  p r e s e n t  i n t e r e s t i n g  i m p l i c a t i o n s .  T h is  would seem t o  
s u g g e s t  t h a t  r i v e r - b o r n e  s a n d - s i z e d  sed im en t i s  n o t  o n ly  t r a n s p o r t e d  
i n t o  t h e  e s t u a r i n e  sed im en t re g im e ,  b u t  may a l s o  e v e n t u a l l y  be t r a n s ­
p o r t e d  o u t s i d e  t h e  mouth and b e g in  t o  i n t e r a c t  w i th  t h e  C hesapeake 
B a y 's  a c t i v e  t r a n s p o r t  sy s tem . At t h i s  p o i n t ,  i t  i s  i n t e r e s t i n g  t o  
n o t e  t h a t  p r e v io u s  s t u d i e s  o f  t h e  Chesapeake  Bay bo ttom  sed im en ts  
(E n v iro n m en ta l  P r o t e c t i o n  A g en cy 's  b a s e l i n e  sed im en t s tu d y )  i n d i c a t e  
t h a t  t h e s e  s e d im e n ts  c o n ta i n  a p p r e c i a b l e  amounts o f  s a n d - s i z e d  s e d i ­
m ent. A p o r t i o n  o f  th e  t o t a l  p e r c e n ta g e  o f  s a n d - s i z e d  sed im en t w i th in  
t h e  C hesapeake Bay i s  h e ld  u n a c c o u n ta b le  in  te rm s  o f  t h e  p o t e n t i a l  
san d  s o u rc e s  w i th in  t h e  Bay. T h e r e f o r e ,  t h e  f a c t  t h a t  F o u r i e r  g r a i n -  
shape  a n a l y s i s  p r e s e n t s  e v id e n c e  t h a t  P ie d m o n t-d e r iv e d  r i v e r  sands  
a r e  p r e s e n t  in  t h e  s e d im e n ts  o u t s i d e  t h e  mouth o f  t h e  Rappahannock 
E s tu a r y ,  s u g g e s t s  t h a t  t h i s  s u b - t r i b u t a r y  t o  t h e  Chesapeake Bay may 
a l s o  be  in c lu d e d  a s  a  p o t e n t i a l  so u rc e  o f  s a n d - s i z e d  sed im en t t o  t h e  
C hesapeake  B a y 's  b o tto m  sed im en t reg im e .
An a l t e r n a t i v e  h y p o th e s i s  f o r  t h e  h ig h  p e r c e n ta g e  o f  P iedm ont-  
d e r iv e d  r i v e r  san d s  l o c a t e d  o u t s i d e  t h e  mouth o f  t h e  e s t u a r y  may be 
t h a t  P ie d m o n t- d e r iv e d  f l u v i a l  san d s  were d e p o s i t e d  o u t s id e  t h e  mouth 
o f  t h e  r i v e r  d u r in g  low er s t a n d s  o f  s e a  l e v e l .  A s s o c ia te d  w i th  th e  
s u b se q u e n t  g r a d u a l  r i s e  in  s e a  l e v e l ,  p r e s e n t  day t r a n s p o r t  p r o c e s s e s  
o u t s i d e  t h e  e s t u a r y  mouth may be rew o rk in g  p a s t  d e p o s i t s  in  t h i s  
a r e a .  C o n s e q u e n t ly ,  t h e s e  rew orked  d e p o s i t s  may become t r a n s p o r t e d  
i n t o  t h e  low er e s t u a r y  sed im en t re g im e .  T h is  h y p o th e s i s  would be
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s u p p o r te d  by t h e  h ig h  p e r c e n ta g e  (37%) o f  t h e  " ro u g h 11 end-member I 
c o n ta in e d  w i th in  t h e  san d  sam ple ta k e n  o u t s i d e  t h e  mouth o f  t h e  
e s t u a r y .  In  a d d i t i o n ,  t h e  t r e n d  o f  h i g h e r  p e r c e n t a g e s  o f  end-member I 
in  t h e  low er e s t u a r y  th a n  in  t h e  m id d le  e s t u a r y  may b e a r  some r e l a t i o n  
t o  t h i s  a l t e r n a t e  h y p o t h e s i s .
S in ce  F o u r i e r  g r a i n - s h a p e  a n a l y s i s  p r o v id e s  t h e  most c o n v in c in g  
q u a n t i t a t i v e  e v id e n c e  t h a t  P ie d m o n t-d e r iv e d  r i v e r  san d s  a r e  p r e s e n t  
w i th in  t h e  e s t u a r i n e  sed im en t re g im e ,  t h e  q u e s t i o n  th e n  a r i s e s ;  w)iat 
t r a n s p o r t  m echanisms can acc o u n t  f o r  t h i s ?  I t  i s  t h e  w r i t e r ’ s b e l i e f  
t h a t  p e r i o d i c  h ig h  f r e s h w a t e r  in f lo w s  t o  th e  Rappahannock E s tu a r y ,  
cau sed  by r i v e r  f lo o d in g  e v e n t s ,  p r o v id e s  t h e  t r a n s p o r t  mechanism t h a t  
i s  c a p a b le  o f  t r a n s p o r t i n g  r i v e r - b o r n e  s a n d - s i z e d  sed im en t i n t o  th e  
e s t u a r i n e  sed im en t reg im e .  E v en ts  o f  t h i s  n a t u r e  can d i s r u p t  t h e  
a v e ra g e  e s t u a r i n e  c i r c u l a t i o n  p a t t e r n s  by lo w e r in g  th e  s a l i n i t y  and 
i n c r e a s i n g  h a l i n e  s t r a t i f i c a t i o n  in  t h e  e s t u a r y .  As a r e s u l t  o f  h ig h  
f r e s h w a t e r  in f lo w  t o  t h e  head  o f  t h e  e s t u a r y ,  th e  i n n e r  l i m i t  o f  s a l t y  
w a te r  s h i f t s  to w a rd s  a  more seaw ard  p o s i t i o n ,  downstream  o f  i t s  p o s i ­
t i o n  p r i o r  t o  h ig h  in f lo w .  T h i s ,  i n  e f f e c t ,  would c r e a t e  a n e t - s e a w a r d  
f lo w  a t  a l l  d e p th s  where a  n e t - l a n d w a r d  b o ttom  flow  e x i s t e d  p r i o r  t o  
h ig h  f r e s h w a t e r  in f lo w .  Depending upon th e  m agn itude  o f  t h e  f r e s h w a te r  
in f lo w ,  t h e  e s t u a r y  may e i t h e r  r e t a i n  i t s  s a l t  i n t r u s i o n  th ro u g h  a l l  
s t a g e s  o f  h ig h  in f lo w  o r  t h e  s a l t  i n t r u s i o n  can be d i s p l a c e d  o u t s id e  
t h e  e s t u a r y  m outh. The most im p o r ta n t  s e d im e n to lo g ic a l  e f f e c t  o f  
h ig h  f r e s h w a t e r  in f lo w  i s  t h a t  l a r g e  amounts o f  r i v e r - b o r n e  sed im en ts  
a r e  t r a n s p o r t e d  i n t o  t h e  e s t u a r i n e  sed im en t reg im e  as  w e l l  a s  r e s u s ­
p e n s io n  o f  e x i s t i n g  b o tto m  se d im e n ts  w i th in  a f f e c t e d  p o r t i o n s  o f  
t h e  e s t u a r y .
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The p u rp o se  o f  O p e ra t io n  HIFLO was t o  l e a r n  how t h e  Rappahannock 
E s tu a r y  re sp o n d s  t o  h ig h  r i v e r  in f lo w  and i n f l u x  o f  s e d im e n t .  P e r i o d i c  
r i v e r - f l o o d i n g  e v e n t s  and r e s u l t i n g  h ig h  f r e s h w a t e r  in f lo w  t o  an e s t u a r y  
p ro d u ce  changes  in  t h e  hydrodynam ic c o n d i t i o n s .  C o n se q u e n t ly ,  t h i s  
r e s u l t s  in  a  d i s r u p t i o n  o f  e s t u a r i n e  sed im en t t r a n s p o r t  p a t t e r n s .  
Im p o r ta n t  a s p e c t s  o f  f l o o d i n g  e v e n ts  t h a t  p ro d u ce  t h e s e  changes a r e :  
t h e  f r e q u e n c y  o f  o c c u r r e n c e ,  t h e  t i m e - d u r a t i o n  o f  t h e  e v e n t ,  t h e  
m ag n itu d e  o f  r i v e r  d i s c h a r g e  r a t e s  and t h e  a b i l i t y  t o  d i s r u p t  a v e rag e  
e s t u a r i n e  c i r c u l a t i o n  p a t t e r n s .
The HIFLO e v e n t ,  a l th o u g h  n o t  a m a jo r  f l o o d ,  was one o f  f i v e  h ig h  
r u n o f f  e v e n ts  in  t h e  Rappahannock R iv e r  d u r in g  1977-1978. "HIFLO" 
d i s c h a r g e  was one t h a t  o c c u r s  f r e q u e n t l y ,  once a  y e a r  on t h e  a v e ra g e .
The s to rm  p e r i o d  l a s t e d  f o r  f o u r  days from March 26-March 29, 1978.
i
The HIFLO e v en t  had  a peak  r i v e r  d i s c h a r g e  o f  358 m /se c .  A r u n o f f  
e v e n t  o f  t h i s  m ag n itu d e  i s  seven  t im e s  t h e  an n u a l  a v e ra g e  d i s c h a r g e .  
F lo o d in g  e v e n ts  o f  l a r g e r  m a g n i tu d e s ,  such  a s  t r o p i c a l  s to rm  "A gnes" , 
have  a r e c u r r e n c e  i n t e r v a l  o f  once ev e ry  t w e n t y - f i v e  y e a r s .  In  t h e  
Rappahannock, "Agnes" had  a  peak  d i s c h a r g e  r a t e  o f  1 ,296  m /sec  which 
i s  a lm o s t  f o u r  t im e s  g r e a t e r  i n  m agn itude  th a n  t h e  "HIFLO" e v en t  and 
tw e n t y - f i v e  t im e s  t h e  a n n u a l  a v e ra g e  d i s c h a r g e  r a t e .
The HIFLO e v e n t  was s u c c e s s f u l  in  d i s r u p t i n g  t h e  a v e rag e  p a r t i a l l y -  
mixed e s t u a r i n e  c i r c u l a t i o n  p a t t e r n  in  t h e  Rappahannock E s tu a r y .  By 
March 28, one day a f t e r  h ig h  f r e s h w a t e r  in f lo w  a t  F r e d e r i c k s b u r g ,  t h e  
i n n e r  l i m i t  o f  s a l t y  w a te r  s h i f t e d  t o  i t s  most seaw ard  p o s i t i o n ,  1 2 .8  km 
downstream  o f  i t s  p o s i t i o n  p r i o r  t o  h ig h  in f lo w .  In  a d d i t i o n ,  h ig h  
r i v e r  in f lo w  i n c r e a s e d  s t r a t i f i c a t i o n  and cau sed  a s l i g h t  f r e s h e n in g  
th ro u g h o u t  t h e  e s t u a r y .  The e s t u a r y  r e t a i n e d  i t s  s a l t  i n t r u s i o n  as
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w e l l  a s  i t s  p a r t i a l l y - m i x e d  f lo w  reg im e  th ro u g h  a l l  s t a g e s  o f  h ig h  
in f lo w  (N ic h o ls ,  e t  a l . ,  1981).
The m a in s tream  i n f l u x  p ro d u ced  h ig h  suspended  sed im en t lo a d s  in  
t h e  u p p e r  e s t u a r y  t h a t  e x te n d e d  60 km downstream from F r e d e r i c k s b u r g .  
Suspended sed im en t i n f l u x  o v e r  t h e  f a l l  l i n e  r e a c h e d  a r a t e  o f  
12 ,300  to n s  p e r  day  o v e r  t h e  f o u r  days  o f  f l o o d i n g .  T h is  r a t e  i s  6 .5  
t im e s  g r e a t e r  th a n  t h e  an n u a l  r a t e  o f  su spended  sed im en t d i s c h a r g e  f o r  
1978. During t h i s  t im e  o f  h ig h  f r e s h w a t e r  i n f lo w ,  e i g h t y - n i n e  p e r c e n t  
o f  t h e  t o t a l  su spended  sed im en t lo a d  moving do w n riv e r  from F r e d e r ic k s b u r g  
to w a rd s  t h e  head  o f  t h e  e s t u a r y  was f i n e r  th a n  62y and e le v e n  p e r c e n t  
was g r e a t e r  th a n  62y ( s a n d ) . Suspended sed im en t c o n c e n t r a t i o n  m e asu re ­
m ents  in  t h e  sam pled zone were d e p th  i n t e g r a t e d  from t h e  w a te r  s u r f a c e  
t o  a  p o i n t  a p p ro x im a te ly  9 cm (0 .3  f t )  above th e  bed . These m e asu re ­
m ents  d id  n o t  i n c lu d e  b e d - lo a d  d i s c h a r g e s .
T h is  e v id e n c e  shows t h a t  r i v e r - b o r n e  s a n d - s i z e d  sed im en t i s  
a c t i v e l y  t r a n s p o r t e d  d o w n riv e r  to w a rd s  t h e  head  o f  t h e  e s t u a r y  v i a  
su sp en d ed  lo a d  d u r in g  t h e  HIFLO e v e n t .  I t  would th e n  seem i n t u i t i v e l y  
o b v io u s  t h a t  r i v e r - b o r n e  s a n d - s i z e d  sed im en t i s  a l s o  moving d o w n riv e r  
v i a  b e d lo a d  t r a n s p o r t ,  a l th o u g h  no q u a n t i t a t i v e  d a t a  s u b s t a n t i a t e s  
t h i s .  T h e r e f o r e ,  i t  i s  e v id e n t  t h a t  r i v e r - b o r n e  sand  i s  a c t i v e l y  
t r a n s p o r t e d  d o w n riv e r  to w a rd s  t h e  e s t u a r y  d u r in g  "HIFLO". Conse­
q u e n t l y ,  t h i s  sand  h a s  t h e  p o t e n t i a l  o f  becoming t r a n s p o r t e d  i n t o  th e  
e s t u a r i n e  sed im en t re g im e .
In  a d d i t i o n  t o  a m a in s tre am  i n f l u x  o f  r i v e r - b o r n e  san d s  t r a n s ­
p o r t e d  d o w n riv e r  to w a rd s  t h e  e s t u a r y  v i a  suspended  lo a d ,  a n o th e r  v i a b l e  
a l t e r n a t i v e  f o r  t h e  t r a n s p o r t  o f  sand  i n t o  th e  e s t u a r i n e  sed im en t 
reg im e  i s  t h e  r e s u s p e n s io n  and c o n seq u en t n e t - s e a w a r d  t r a n s p o r t  o f
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p r e - e x i s t i n g  b o tto m  s e d im e n ts  w i t h i n  t h e  u p p e r  e s t u a r y  by t i d a l  c u r r e n t s .  
C u r re n t  v e l o c i t y  o b s e r v a t io n s  t a k e n  w i th in  t h e  u p p e r  e s t u a r y 1s c e n t r a l  
c h a n n e l  ( s t a t i o n  R-1A) d u r in g  t h e  HIFLO e v en t  show t h a t  a  s t r o n g  n e t -  
seaw ard  f lo w  e x i s t e d  d u r in g  t h e  f o u r  days o f  h ig h  f r e s h w a t e r  in f lo w  in  
b o th  t h e  n e a r - s u r f a c e  and n e a r - b o t to m  w a te r s .  T h is  r e s u l t e d  in  a 
seaw ard  d i s p la c e m e n t  o f  t h e  s a l t  i n t r u s i o n  some 13 km downstream  o f  i t s  
p o s i t i o n  p r i o r  t o  h ig h  f r e s h w a te r  in f lo w .
E s t im a te s  o f  s h e a r  s t r e s s e s  e x e r t e d  on t h e  bed w i th in  t h e  boundary  
l a y e r  o f  t h e  u p p e r  e s tu a r y * s  c e n t r a l  ch an n e l  d u r in g  th e  f o u r  days o f  
f l o o d i n g  i n d i c a t e  t h a t  t h e  r e l a t i v e  m ag n itu d e  o f  boundary  s h e a r  s t r e s s e s  
ex ceed  t h e  c r i t i c a l  t h r e s h o l d  v a l u e s .  T h is  im p l i e s  t h a t  t h e  m agn itude  
o f  boun d ary  s h e a r  s t r e s s e s  e x e r t e d  on th e  b o ttom  sed im en ts  o f  t h e  u p p e r  
e s t u a r y  c h a n n e l  a r e  s u f f i c i e n t  enough t o  e ro d e  and r e s u s p e n d  bo ttom  
s e d im e n ts .  T h i s ,  c o u p led  w i th  n e t - s e a w a r d  c u r r e n t  v e l o c i t i e s  th ro u g h  
d e p th ,  r e s u l t s  in  t h e  t r a n s p o r t  o f  r e s u sp e n d e d  bo ttom  sed im e n ts  in  a 
n e t - s e a w a r d  d i r e c t i o n  i n t o  t h e  e s t u a r i n e  sed im en t re g im e .
I f  one a l s o  exam ines t h e  t i m e - v e l o c i t y  c u rv e s  ( F ig u re s  9 and 10) 
a t  s t a t i o n  R-1A d u r in g  O p e ra t io n  HIFLO (March 2 6 -2 7 ,  1978), a n o th e r  
p o s s i b l e  t r a n s p o r t  mechanism i s  e v i d e n t .  Because o f  t h e  l a r g e  a m p l i ­
t u d e s ,  t h e s e  t i d a l  c u r r e n t s  a r e  r e s p o n s i b l e  f o r  m ix ing  f r e s h  and s a l t ­
w a te r  w hich in  t u r n  g e n e r a t e s  t u r b u l e n c e  t h a t  can a l s o  e ro d e  and 
r e s u s p e n d  b o tto m  se d im e n ts  w i th in  t h e  u p p e r  e s t u a r y .  As a  r e s u l t  o f  
t h i s  t u r b u l e n c e ,  m ix in g  i s  f a s t  and suspended  sed im en t d i l u t i o n  i s  
h ig h .  Hence, e x c e s s  t u r b u l e n c e  c r e a t e d  by f r e s h - s a l t w a t e r  m ix ing  can 
c r e a t e  a t r a n s p o r t  mechanism w hereby s a n d - s i z e d  sed im en t may become 
e ro d e d  and re s u s p e n d e d  o f f  th e  b o tto m . Depending upon th e  r e l a t i v e
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p o s i t i o n  o f  t h e  re s u s p e n d e d  san d  w i th in  t h e  w a te r  column, i t  may e i t h e r  
s e t t l e  o u t  q u i c k ly  o r  become t r a n s p o r t e d  f u r t h e r  down e s t u a r y  by  t i d a l  
c u r r e n t  a c t  i o n .
T h e r e f o r e ,  i t  c e r t a i n l y  seems p l a u s i b l e  t h a t  r i v e r - b o r n e  s a n d - s i z e d  
sed im en t can in d e e d  move i n t o  t h e  e s t u a r i n e  sed im en t reg im e  d u r in g  h ig h  
f r e s h w a t e r  in f lo w s  t o  t h e  e s t u a r y .  R iv e r -b o rn e  san d s  can be t r a n s p o r t e d  
i n t o  t h e  e s t u a r y  e i t h e r  as  p a r t  o f  th e  m a in s tre am  susp en d ed  lo a d  moving 
d o w n riv e r  w i th  t h e  f l o o d  w a t e r s ,  o r  e ro d ed  and re s u sp e n d e d  from th e  
b o ttom  as  a  r e s u l t  o f  b oundary  f lo w  s h e a r  a t  t h e  bed  o r  by t u r b u l e n t  
m ix ing  o f  f r e s h  and s a l t w a t e r .  How f a r  t h e  r i v e r - b o r n e  san d s  move 
i n t o  t h e  e s t u a r y  v i a  t h e  c e n t r a l  ch an n e l  o r  a lo n g  f l a n k in g  s h o a l s  may 
be  d ependen t upon t h e  m ag n itu d e  o f  f r e s h w a te r  d i s c h a r g e  i n t o  th e  
e s t u a r y  and t h e  r e l a t i v e  d i s t a n c e  t h a t  t h e  r e s u l t a n t  n e t - s e a w a r d  f low  
d i s p l a c e s  t h e  i n n e r  l i m i t  o f  s a l t  i n t r u s i o n  in  a  seaw ard  d i r e c t i o n .
Once t h e  e s t u a r y  r e c o v e r s  and th e  s a l t  i n t r u s i o n  resum es i t s  av e rag e  
p o s i t i o n ,  a lo n g  w i th  t h e  r e - e s t a b l i s h m e n t  o f  i t s  b i - d i r e c t i o n a l  f low  
re g im e ,  r i v e r - b o r n e  s a n d - s i z e d  sed im en t d e l i v e r e d  t o  t h e  e s t u a r y  may 
s e t t l e  ou t and become a r e s i d e n t  o f  t h e  e s t u a r i n e  sed im en t reg im e .
The q u a n t i t a t i v e  e v id e n c e  p r e v i o u s l y  d i s c u s s e d  s t r o n g l y  s u p p o r t s  
t h e  h y p o th e s i s  t h a t  r i v e r - b o r n e  s a n d - s i z e d  sed im en t i s  p r e s e n t  w i th in  
t h e  R appahannock 's  e s t u a r i n e  sed im en t reg im e  and t h a t  ex trem e  h y d ro -  
l o g i c a l  e v e n t s ,  such  as  p e r i o d i c  r i v e r  f l o o d i n g ,  may p r o v id e  t h e  
t r a n s p o r t  mechanism f o r  t h i s  s ed im en t t o  move i n t o  t h e  e s t u a r y .  The 
n e x t  l o g i c a l  a rgum ent t h a t  p r e s e n t s  i t s e l f  i s  what a r e  t h e  p o t e n t i a l  
pa thw ays f o r  t h e  r i v e r - b o r n e  san d s  t o  move i n t o  t h e  e s t u a r i n e  sed im en t 
reg im e . In  l i g h t  o f  t h i s  a rg u m en t,  a l i s t  o f  a l l  t h e  p o s s i b l e  
s c e n a r i o s  r e g a r d i n g  t h e  t r a n s p o r t  o f  r i v e r - b o r n e  s a n d - s i z e d  sed im en t
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down t o  t h e  low er e s t u a r y  a r e  p r e s e n t e d  f o r  d i s c u s s i o n  in  o r d e r  t o  
e v a l u a t e  and d e te rm in e  w h e th e r  t h e  q u a n t i t a t i v e  e v id e n c e  accu m u la ted  
f a v o r s  one o f  t h e s e  m u tu a l ly  e x c lu s iv e  a l t e r n a t i v e s  o v e r  t h e  o t h e r .
G e n e r a l ly ,  t h e r e  a r e  f o u r  p o s s i b l e  s c e n a r i o s  r e g a r d in g  th e  t r a n s ­
p o r t  o f  r i v e r - b o r n e  san d s  i n t o  t h e  low er Rappahannock E s tu a r y :
1 . )  P ie d m o n t-d e r iv e d  r i v e r  san d s  o n ly  r e a c h in g  th e  low er 
e s t u a r y .
2 . )  F a s t l a n d  b l u f f  san d s  o n ly  r e a c h in g  th e  low er e s t u a r y .
3 . )  R iv e r  and b l u f f  s an d  t o g e t h e r  r e a c h in g  th e  low er e s t u a r y .
4 . )  No s a n d ,  e x c e p t  t h e  l o c a l l y  d e r iv e d  from s h o r e l i n e  
e r o s io n  o r  landw ard  t r a n s p o r t  o f  bo ttom  sands  from th e  
C hesapeake Bay.
The f i r s t  two s c e n a r i o s ,  t h a t  e i t h e r  P ie d m o n t-d e r iv e d  r i v e r  sands  
o f  f a s t l a n d  b l u f f  sands  o n ly  r e a c h  t h e  low er Rappahannock E s tu a r y ,  
would seem im p ro b ab le  s i n c e  i t  i s  i n c o n s i s t e n t  w i th  t h e  q u a n t i t a t i v e  
d a t a  p r e s e n t e d .  F o u r i e r  g r a in - s h a p e  a n a l y s i s  i d e n t i f i e s  two non­
s i m i l a r  s a n d - sh a p e  p o p u la t io n s  landw ard  o f  th e  Rappahannock E s tu a r y ,  
nam ely , t h e  P ie d m o n t-d e r iv e d  r i v e r  san d s  and t h e  f a s t l a n d  b l u f f  s an d s .  
Q-mode f a c t o r  a n a l y s i s  i n d i c a t e s  t h a t  b o th  o f  t h e s e  shape  p o p u la t i o n s  
a r e  p r e s e n t  w i th in  t h e  r i v e r 1s a c t i v e  t r a n s p o r t  system  landw ard  o f  th e  
e s t u a r y .  S in c e  b o th  s a n d - sh a p e  p o p u l a t i o n s  a r e  p r e s e n t  w i th in  t h e  
r i v e r  ch an n e l  as  w e l l  a s  a lo n g  th e  f l a n k i n g  s h o a l s ,  one would ex p ec t  
t h a t  i f  s an d  from th e s e  r e a c h e s  e v e n t u a l l y  becomes t r a n s p o r t e d  i n t o  
t h e  e s t u a r i n e  sed im en t re g im e ,  i t  would be  com prised  o f  b o th  s a n d -sh a p e  
p o p u l a t i o n s .  The o n ly  r e a s o n a b le  e x p la n a t io n  o f  f i n d i n g  o n ly  r i v e r  
sands  o r  f a s t l a n d  b l u f f  san d s  w i th in  t h e  s ed im en ts  o f  th e  low er e s tu a r y  
would be i f  t h e r e  i s  s e l e c t i v e  s h a p e - s o r t i n g  in v o lv e d  in  t h e  t r a n s p o r t
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p r o c e s s e s .  T h is  i s  n o t  found t o  be  t r u e  s i n c e  v a r y in g  p e r c e n ta g e s  o f  
b o th  s a n d - sh a p e  p o p u l a t i o n s  a r e  p r e s e n t  w i th in  t h e  e s t u a r y  c h an n e l  as  
w e l l  as  a lo n g  t h e  f l a n k i n g  s h o a l s .
The t h i r d  s c e n a r i o  t h a t  b o th  r i v e r  sands  and f a s t l a n d  b l u f f  sands  
r e a c h  t h e  low er e s t u a r y  p r e s e n t s  t h e  most p l a u s i b l e  a rguem ent and i s  
c o n s i s t e n t  w i th  t h e  q u a n t i t a t i v e  d a t a  p r e s e n t e d .  T h is  s c e n a r i o  i s  in  
ag reem ent w i th  t h e  f a c t  t h a t  b o th  sa n d -sh a p e  p o p u la t i o n s  a r e  p r e s e n t  
w i th in  t h e  c h a n n e l  o f  t h e  low er e s t u a r y .  Q-mode f a c t o r  a n a l y s i s  shows 
t h a t  h ig h  p e r c e n ta g e s  o f  t h e  r i v e r  san d -sh a p e  p o p u la t i o n  as  w e l l  as  t h e  
f a s t l a n d  b l u f f  s a n d - sh a p e  p o p u la t io n  a r e  p r e s e n t  w i th in  t h e  u p p e r  e s t u a r y  
c h an n e l  and a lo n g  th e  f l a n k i n g  s h o a l s .
H ig h e r  p e r c e n ta g e s  o f  t h e  f a s t l a n d  b l u f f  sands  a r e  p r e s e n t  a lo n g  
th e  f l a n k i n g  s h o a l s  o f  t h e  u p p e r  e s t u a r y  th a n  w i th in  t h e  c h a n n e l ,  
p a r t i c u l a r l y  a lo n g  t h e  n o r t h e r n  s h o a l .  A p o s s i b l e  e x p la n a t io n  f o r  t h i s  
may be  t h a t  f a s t l a n d  b l u f f s  m a in ly  o u tc ro p  a lo n g  th e  n o r t h e r n  f l a n k  o f  
th e  r i v e r .  Once sand  from t h e s e  b l u f f s  e n t e r s  t h e  a c t i v e  t r a n s p o r t  
sy s te m , i t  may t e n d  t o  rem ain  on t h e  s h o a l s  as  i t  moves i n t o  t h e  
e s t u a r i n e  sed im en t reg im e . In  a d d i t i o n ,  t h e r e  may be a f u r t h e r  in p u t  
o f  f a s t l a n d  b l u f f  san d s  t o  t h e  s h o a l s  a s  a  r e s u l t  o f  a c c e l e r a t e d  
l a t e r a l  e r o s io n  o f  t h e  f a s t l a n d  banks  f l a n k i n g  th e  e s t u a r i n e  r e a c h e s .
T h is  s i t u a t i o n  would t e n d  t o  mask t h e  p r e s e n c e  o f  t h e  r i v e r  s an d -sh a p e  
p o p u la t io n  a lo n g  th e  s h o a l in g  a r e a s .
High p e r c e n ta g e s  o f  t h e  P ie d m o n t-d e r iv e d  r i v e r  san d -sh a p e  p o p u la ­
t i o n  o c c u r r in g  w i th in  t h e  u p p e r  e s t u a r y  c h an n e l  th a n  on t h e  s h o a l s  may 
be a t t r i b u t e d  t o  t h e  f a c t  t h a t  h i g h e r  p e r c e n ta g e s  o f  t h i s  s a n d -sh a p e  
p o p u la t io n  o c c u r  w i th in  t h e  ch an n e l  th a n  a lo n g  t h e  s h o a l s  in  t h e  
r i v e r - e s t u a r y  t r a n s i t i o n  zone. P ie d m o n t-d e r iv e d  r i v e r  sands  w i th in
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t h e  c h a n n e l  o f  t h i s  zone may th e n  become t r a n s p o r t e d  i n t o  t h e  e s t u a r y  
c h an n e l  d u r in g  f lo o d i n g  e v e n ts  when t h e  s a l t  i n t r u s i o n  i s  d i s p l a c e d  in  
a seaw ard  d i r e c t i o n .  P ie d m o n t-d e r iv e d  r i v e r  sands  a s  w e l l  a s  f a s t l a n d  
b l u f f  san d s  d e p o s i t e d  a lo n g  t h e  s h o a l i n g  a r e a s  o f  th e  u p p e r  e s t u a r y  may 
a l s o  become re su sp e n d e d  by wave and c u r r e n t  a c t i o n .  C o n se q u e n t ly ,  t h e s e  
san d s  may move i n t o  t h e  e s t u a r i n e  c h a n n e l ,  s e t t l e  o u t  and become i n c o r ­
p o r a t e d  i n t o  t h e  ch an n e l  b o tto m  s e d im e n ts .
Lower p e r c e n ta g e s  o f  P ie d m o n t-d e r iv e d  r i v e r  san d s  o c c u r r in g  w i th in  
t h e  c h an n e l  and f l a n k i n g  s h o a l s  o f  t h e  m idd le  and low er e s t u a r y  may be 
a r e s u l t  o f  i n c r e a s e d  s e d im e n ta t io n  r a t e s  w i th in  t h e s e  p o r t i o n s  o f  th e  
e s t u a r y .  In  a d d i t i o n ,  t h e  a v a i l a b i l i t y  o f  more rounded  s a n d - s i z e d  
sed im en t t o  t h e  e s t u a r i n e  sed im en t reg im e from l a t e r a l  e r o s io n  o f  th e  
f a s t l a n d  f l a n k s  would have  a s t r o n g e r  i n f l u e n c e  o v e r  t h e  f a r - f i e l d  
d i s t r i b u t i o n  o f  P ie d m o n t-d e r iv e d  r i v e r  sands  w i th in  t h e  low er p o r t i o n s  
o f  t h e  e s t u a r y ;  A l t e r n a t i v e l y ,  t h e  s h o a l in g  a r e a s  o f  t h e  e s t u a r y  may 
p r o v id e  a more p l a u s i b l e  t r a n s p o r t  pathw ay f o r  P ie d m o n t-d e r iv e d  r i v e r  
sands  t o  t h e  low er e s t u a r y  th a n  in  th e  ch an n e l  s i n c e  a n e t - s e a w a r d  
b o t to m  t r a n s p o r t  u s u a l l y  e x i s t s  a lo n g  th e s e  a r e a s .  Here a g a in ,  i t  i s  
a l s o  a p o s s i b i l i t y  t h a t  P ie d m o n t-d e r iv e d  r i v e r  sands  c o n ta in e d  w i th in  
t h e  s ed im en ts  o f  t h e  s h o a l i n g  a r e a s  can become re s u sp e n d e d  by wave 
and c u r r e n t  a c t i o n .  C o n se q u e n t ly ,  t h e s e  sands  may th e n  move i n t o  th e  
e s t u a r y  c h a n n e l  and s e t t l e  o u t  i n t o  t h e  c h an n e l  bo ttom  s e d im e n ts .
T h i s ,  i n  e f f e c t ,  would a c c o u n t  f o r  t h e  p re s e n c e  o f  Piedmont r i v e r  
san d s  in  t h e  low er e s t u a r y  c h a n n e l .
The f o u r t h  s c e n a r i o ;  no san d , e x c e p t  t h a t  l o c a l l y  d e r iv e d  from 
s h o r e l i n e  e r o s io n  o r  landw ard  t r a n s p o r t  o f  bo ttom  sands  from th e  
C hesapeake Bay i s  c o n ta in e d  w i th in  t h e  e s t u a r i n e  sed im en t reg im e
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p r e s e n t s  an i n t e r e s t i n g  a l t e r n a t e  h y p o t h e s i s .  The s a n d - sh a p e  sam ple 
(RP161) from o u t s i d e  t h e  mouth o f  t h e  Rappahannock E s tu a r y  c o n ta i n s  a 
h ig h  p e r c e n ta g e  o f  t h e  P ie d m o n t-d e r iv e d  san d -sh a p e  p o p u la t io n  as  w e l l  as  
t h e  f a s t l a n d  b l u f f  s a n d - s h a p e  p o p u l a t i o n .  Piedmont R iv e r  san d s  may have  
been  d e p o s i t e d  o u t s i d e  t h e  mouth o f  t h e  Rappahannock R iv e r  d u r in g  low er 
s t a n d s  o f  s e a  l e v e l .  A su b se q u e n t  g r a d u a l  r i s e  in  s e a  l e v e l  in  t u r n  may 
rew ork  t h e s e  d e p o s i t s  and c o n s e q u e n t ly  t r a n s p o r t  t h e s e  Piedmont sands  
back  i n t o  t h e  mouth o f  t h e  drowned r i v e r  v a l l e y .  With t h e  o n s e t  o f  a 
n e t - l a n d w a r d  b o ttom  f lo w  c au sed  by e s t u a r i n e  c i r c u l a t i o n  p a t t e r n s ,  t h e s e  
san d s  may move p r o g r e s s i v e l y  u p e s tu a r y  w i th in  t h e  e s t u a r y  c h a n n e l ,  
h e n c e ,  a c c o u n t in g  f o r  t h e  p r e s e n c e  o f  P ie d m o n t-d e r iv e d  r i v e r  sands  
w i t h i n  t h e  low er p o r t i o n s  o f  t h e  e s t u a r y .  T h is  ty p e  o f  s i t u a t i o n  may 
be  augm ented d u r in g  ex trem e h y d r o l o g i c a l  e v e n ts  by m e t e r o l o g i c a l  
f o r c i n g  from t h e  C hesapeake Bay i n t o  t h e  Rappahannock E s tu a r y  mouth.
With t h i s  co n cep t  in  m ind, th e  p re s e n c e  o f  P ie d m o n t-d e r iv e d  r i v e r  
sands  w i th in  t h e  Rappahannock e s t u a r i n e  sed im en t reg im e may be a r e s u l t  
o f  compounded t r a n s p o r t  p r o c e s s e s .  R iv e r -b o rn e  san d s  may move i n t o  
t h e  e s t u a r y  v i a  t h e  f l a n k i n g  s h o a l s  and c o n s e q u e n t ly  r e d i s t r i b u t e d  
i n t o  t h e  e s t u a r y  c h an n e l  by wave and c u r r e n t  a c t i o n  d u r in g  a v e ra g e  
f low  c o n d i t i o n s .  These  san d s  may a l s o  move i n t o  t h e  e s t u a r y  w i th  t h e  
m a in s tre am  i n f l u x  r i v e r - b o r n e  s e d im e n ts  d u r in g  f lo o d in g  e v e n ts  and 
become d e p o s i t e d  in  t h e  u p p e r  p o r t i o n s  o f  t h e  e s t u a r y .  T h is  i s  
s u p p o r te d  by h i g h e r  p e r c e n ta g e s  o f  Piedmont R iv e r  sands  in  t h e  u p p e r  
e s t u a r y  r e a c h e s  as opposed  t o  low er p e r c e n ta g e s  o f  t h e s e  san d s  con­
t a i n e d  w i th in  t h e  m id d le  and low er r e a c h e s  o f  t h e  e s t u a r y .  L a s t l y ,  
t h e  p r e s e n c e  o f  Piedmont san d s  w i th in  t h e  low er e s t u a r y  may be a 
r e s u l t  o f  t h e  rew o rk in g  o f  p a s t  d e p o s i t s  o f  t h e s e  sands o u t s i d e  t h e
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mouth and c o n se q u e n t  landw ard  t r a n s p o r t  o f  sand  from t h e  C hesapeake Bay 
i n t o  t h e  e s t u a r y  mouth as  a  r e s u l t  o f  r i s i n g  s e a  l e v e l s .
A lthough  t h e  q u a n t i t a t i v e  e v id e n c e  p r e s e n t e d  shows t h a t  P iedm ont-  
d e r iv e d  r i v e r - b o r n e  san d s  a r e  p r e s e n t  w i th in  t h e  Rappahannock e s t u a r i n e  
sed im en t re g im e ,  a  r e a s o n a b le  amount o f  s p e c u l a t i o n  s t i l l  rem a in s  a s  t o  
how t h e s e  san d s  g o t  t h e r e .  The m e r i t s  p r e s e n t e d  a s  a  r e s u l t  o f  t h i s  
r e s e a r c h  i n v e s t i g a t i o n  l i e  in  i t s  c o n t r i b u t i o n  t o  t h e  u n d e r s t a n d in g  o f  
th e  dynamics o f  sed im en t t r a n s p o r t  p r o c e s s e s  i n  c o a s t a l  p l a i n  e s t u a r i e s .  
In  a t t e m p t in g  t o  g a in  t h i s  u n d e r s t a n d in g ,  u t i l i z a t i o n  o f  new s t a t e - o f -  
t h e - a r t  q u a n t i t a t i v e  t e c h n iq u e s  su ch  as  F o u r i e r  g r a in - s h a p e  a n a l y s i s  
h e lp s  t o  g a in  f u r t h e r  i n s i g h t  i n t o  q u e s t i o n s  p e r t a i n i n g  t o  sed im en t 
t r a n s p o r t  and d i s p e r s a l  w i th in  e s t u a r i e s  w hich s t i l l  rem a in s  incom­
p l e t e l y  u n d e r s to o d .
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X. CONCLUSIONS
The q u a n t i t a t i v e  e v id e n c e  s u p p l i e d  by b o tto m  sed im en t t e x t u r a l  
a n a l y s i s ,  F o u r i e r  g r a i n - s h a p e  a n a l y s i s  and Q-mode f a c t o r  a n a l y s i s  
s u p p o r t  t h e  h y p o th e s i s  t h a t  r i v e r - b o r n e  s a n d - s i z e d  sed im en t i s  p r e ­
s e n t  w i th in  t h e  Rappahannock e s t u a r i n e  sed im en t re g im e .  Suspended 
s ed im en t m easu rem en ts ,  a s  w e l l  as  a n a l y s i s  o f  c u r r e n t  v e l o c i t y  
o b s e r v a t io n s  w i th in  t h e  e s t u a r y  d u r in g  O p e ra t io n .  H i f l o ,  i n d i c a t e  t h a t  
ex trem e h y d r o l o g i c a l  e v e n t s ,  such  as p e r i o d i c  r i v e r  f l o o d i n g ,  p r o v id e  
a  p l a u s i b l e  t r a n s p o r t  mechanism t o  move r i v e r - b o r n e  san d s  i n t o  t h e  
e s t u a r i n e  sed im en t reg im e ,  E v en ts  o f  t h i s  n a t u r e  can d i s r u p t  a v e ra g e  
b i - d i r e c t i o n a l  c i r c u l a t i o n  p a t t e r n s  by d i s p l a c i n g  t h e  s a l t  i n t r u s i o n  
t o  a  more seaw ard  p o s i t i o n ,  i n c r e a s e  s t r a t i f i c a t i o n  and c o n se q u e n t ly  
i n c r e a s e  t h e  m agn itude  o f  sed im en t d i s p e r s a l  w i th in  t h e  e s t u a r y .  , High 
f r e s h w a t e r  in f lo w s  t o  t h e  e s t u a r y  on th e  o r d e r  o f  m agn itude  o f  t h e  
" H i f l o ” e v e n t  can have  a  f r e q u e n c y  o f  o c c u r re n c e  o f  up t o  f i v e  t im e s  
p e r  y e a r  i n  t h e  Rappahannock sy s tem . Thus, s i g n i f i c a n t  p e r c e n ta g e s  o f  
r i y e r - h o m e  sands  can become i n c o r p o r a t e d  i n t o  th e  e s t u a r i n e  sed im en t 
reg im e  on a  r e l a t i v e l y  p e r i o d i c  b a s i s .  These  san d s  may e v e n t u a l l y  
become rew orked  and r e d i s t r i b u t e d  o v e r  th e  long te rm  w i t h i n  th e  
e s t u a r i n e  sed im en t t r a n s p o r t  sy s tem .
Based on th e  s p a t i a l  d i s t r i b u t i o n  o f  s a n d - s i z e d  sed im en t w i th in  
t h e  Rappahannock sy s tem , t h e  two m a jo r  landw ard  s o u rc e s  o f  sand  t o  th e  
Rappahannock E s tu a r y  a r e  t h e  P ie d m o n t-d e r iv e d  r i v e r  san d s  and f a s t l a n d
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b l u f f  san d s  w hich  d i r e c t l y  o u tc ro p  a lo n g  c e r t a i n  p o r t i o n s  o f  t h e  r i v e r  
f l a n k s .  S a n d - s iz e d  sed im en t i s  fo und  t o  be  c o n s i s t e n t l y  p r e s e n t  w i th in  
t h e  b o tto m  sed im e n ts  c o m p r is in g  t h e  e s t u a r y ' s  c e n t r a l  ch an n e l  as  w e l l  
as  a lo n g  i t s  f l a n k i n g  s h o a l s .  H ig h e r  p e r c e n ta g e s  o f  san d  o c c u r  w i th in  
t h e  b o ttom  sed im e n ts  c o m p r is in g  t h e  s h o a l in g  a r e a s  o f  t h e  e s t u a r y  in  
r e l a t i o n  t o  t h e  p e r c e n ta g e  o f  sand  c o n ta in e d  w i t h i n  t h e  c h a n n e l .  A 
g e n e r a l  t r e n d  i n  t h e  d i s t r i b u t i o n  o f  sand  w i t h i n  t h e  e s t u a r y  i s  t h a t  
t h e  p e r c e n ta g e  o f  s an d  d e c r e a s e s ,  o r  g ra d e s  o u tw a rd , from th e  s h o r e l i n e  
f l a n k s  i n t o  t h e  e s t u a r i n e  c h a n n e l .  T h is  i n d i c a t e s  t h a t  l a t e r a l  e r o s io n  
o f  t h e  e s t u a r y  f l a n k s  (up t o  0 ,6  m e te r  (.2 . 0  f t )  p e r  y e a r )  may a l s o  be 
c o n t r i b u t i n g  s a n d - s i z e d  sed im en t t o  t h e  e s t u a r i n e  sed im en t reg im e . 
A l t e r n a t i v e l y ,  t h i s  may a l s o  i n d i c a t e  t h a t  r i v e r - b o r n e  sands  move i n t o  
t h e  e s t u a r y  v i a  t h e  f l a n k i n g  s h o a l s  s i n c e  a  n e t - l a n d w a r d  bo ttom  flow  
does n o t  u s u a l l y  e x i s t  a lo n g  t h e s e  a r e a s ,
F o u r i e r  g r a in - s h a p e  a n a l y s i s  i s  s u c c e s s f u l  i n  o b j e c t i v e l y  i d e n t i ­
f y in g  two s t a t i s t i c a l l y  n o n - s i m i l a r  s a n d -sh a p e  p o p u la t io n s  w i th in  th e  
Rappahannock sy s tem ; nam ely , t h e  P ie d m o n t-d e r iv e d  r i v e r  sands  and th e  
f a s t l a n d  b l u f f  s a n d s .  I t  i s ,  i n  a  s e n s e ,  f o r t u i t o u s  t h a t  t h e s e  two non- 
s i m i l a r  s a n d -sh a p e  p o p u la t i o n s  r e p r e s e n t  t h e  two m a jo r  landw ard  s o u rc e s  
o f  san d  t o  t h e  Rappahannock E s tu a r y .  The P ie d m o n t-d e r iv e d  r i v e r  sands  
a r e  c h a r a c t e r i z e d  as  h a v in g  a n g u la r  o r  " ro u g h "  s a n d - sh a p e  a t t r i b u t e s .
The f a s t l a n d - b l u f f  san d s  a r e  c h a r a c t e r i z e d  as  h a v in g  rounded  o r  ’’smooth" 
s a n d - sh a p e  c h a r a c t e r i s t i c s .  The r e a d i l y  c o n t r a s t a b l e  shape  a t t r i b u t e s  
o f  t h e s e  two p o p u la t i o n s  can he r e l a t e d  t o  t h e  s a n d - s i z e d  sed im en t 
p r o v e n a n c e 's  d e p o s i t i o n a l  e n v iro n m en ts  as  w e l l  a s  t h e i r  g e o lo g ic a l  t im e  
s e t t i n g .  The Piedmont R iv e r  sands  a r e  d e r iv e d  from Q u a te rn a ry  f l u v i a l  
t e r r a c e  d e p o s i t s  f l a n k i n g  th e  u p p e r  r e a c h e s  o f  t h e  Rappahannock R iv e r
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above t h e  f a l l  l i n e  a t  F r e d e r i c k s b u r g , The f a s t l a n d  b l u f f  san d s  a r e  
d e r iv e d  from T e r t i a r y  m a r in e ,  n e a r - s h o r e  and f l u v i a l  d e p o s i t s .  I n t u i ­
t i v e l y ,  one would e x p e c t  t h e  T e r t i a r y  b l u f f  san d s  t o  be  more rounded  
s i n c e  t h e s e  s e d im e n ts  a r e  r e l a t i v e l y  m a tu re  i n  te rm s  o f  t h e  s e d im e n ta ry  
c y c l e .
Q-mode f a c t o r  a n a l y s i s ,  a  m u l t i v a r i a t e  s t a t i s t i c a l  t e c h n i q u e ,  i s  
employed on t h e  g r a in - s h a p e  d a t a  g e n e r a te d  from n i n e t y - f o u r  a n a ly z e d  
san d  sam ples  from t h e  Rappahannock R i v e r - E s t u a r y ' s a c t i v e  t r a n s p o r t  
sy s te m . On t h e  b a s i s  o f  s a n d ^ s iz e d  sed im en t sam p ling  th ro u g h o u t  t h e  
r i v e r - e s t u a r y  s y s te m , Q-mode f a c t o r  a n a l y s i s  s e r v e s  t o  d i f f e r e n t i a t e  
t h e  two s a n d - sh a p e  p o p u l a t i o n s  by  p r o v id i n g  q u a n t i t a t i v e  in f o r m a t io n  
on t h e  d i s t r i b u t i o n  o f  t h e s e  p o p u la t io n s  w i th in  t h e  r i v e r - e s t u a r y 1 s 
a c t i v e  t r a n s p o r t  sy s tem . F a c to r  a n a l y s i s  i s  s u c c e s s f u l  i n  d e te r m in in g  
t h r e e  s i g n i f i c a n t  end-member ( f a c t o r )  components w h ich  a r e  s u f f i c i e n t  
enough t o  encompass 98,5% o f  t h e  t o t a l  g r a in - s h a p e  v a r i a n c e  among th e  
n i n e t y - f o u r  san d  sam ples a n a ly z e d ,  End-member I ,  r e p r e s e n t a t i v e  o f  
t h e  P ie d m o n t-d e r iv e d  r i v e r  s a n d - sh a p e  p o p u la t i o n  encom passes 50.8% o f  
t h e  t o t a l  v a r i a n c e .  End-member I I ,  r e p r e s e n t a t i v e  o f  t h e  f a s t l a n d  
b l u f f  s a n d - s h a p e  p o p u l a t i o n ,  encom passes 47% o f  t h e  t o t a l  v a r i a n c e .  
End-member I I I  a c c o u n ts  f o r  t h e  re m a in in g  0,5% o f  t h e  t o t a l  v a r i a n c e .  
Thus, one may c o n s id e r  t h e  s a n d - sh a p e  p o p u la t io n s  in  th e  Rappahannock 
sy s tem  t o  be e s s e n t i a l l y  r e p r e s e n t e d  as  a  two end-member sy s tem , y e t  
a  t h i r d  end-member i s  in c lu d e d  t o  i n c r e a s e  t h e  d im e n s io n a l i t y  o f  t h e  
" sh a p e  window" o f  which th e  f a c t o r  a n a l y s i s  u s e s  in  o r d e r  t o  q u a n t i t a ­
t i v e l y  d e s c r i b e  t h e  o r i g i n a l  s e t  o f  g r a in - s h a p e  o b s e r v a t io n s .
Q-mode f a c t o r  a n a l y s i s  c l e a r l y  i n d i c a t e s  t h a t  t r e n d  g r a d i e n t s  
w i th in  t h e  d i s t r i b u t i o n  o f  end-member ty p e s  a r e  e v id e n t  w i th in  t h e
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r i v e r - e s t u a r i e s  a c t i v e  t r a n s p o r t  sy s tem . The g r a i n - s h a p e  a t t r i b u t e s  
c o n ta in e d  w i t h i n  san d  sam ples  from th e  r i v e r  zone a r e  a lm o s t  e x c l u s i v e l y  
dom ina ted  by end-member X, t h e  " ro u g h ” end-member. In  t h e  r i v e r - e s t u a r y  
t r a n s i t i o n  zone w here  f a s t l a n d  b l u f f  s ed im e n ts  d i r e c t l y  o u tc ro p  a lo n g  
th e  f l a n k s  o f  t h e  r i v e r ,  b o th  sa n d -sh a p e  p o p u l a t i o n s  mix t o g e t h e r  w i th in  
t h e  a c t i v e  t r a n s p o r t  sy s te m . H igh  p e r c e n ta g e s  o f  end-member I I ,  t h e  
"sm ooth" end-member, a s  w e l l  a s  end-member I ,  o c c u r  w i t h i n  t h e  r i v e r  
c h an n e l  and f l a n k i n g  s h o a l s  i n  t h e  im m edia te  v i c i n i t y  o f  t h e s e  b l u f f e d  
r e a c h e s .  S a n d - s iz e d  sed im en t o ccupy ing  th e  r e a c h e s  d o w n riv e r  from th e  
b l u f f s ,  a p p ro a c h in g  t h e  e s t u a r y ,  c o n ta in  n e a r l y  even p e r c e n t a g e s  o f  b o th  
t h e  r i v e r  san d s  and f a s t l a n d  b l u f f  s a n d s .  The n o r t h e r n  s h o a l  shows 
s l i g h t l y  h i g h e r  p e r c e n ta g e s  o f  end-member I I ,  which s u g g e s t s  t h a t  a  
c e r t a i n  amount o f  b l u f f - d e r i v e d  san d s  rem ain  on t h e  s h o a l s  and moves 
d o w n riv e r  to w ard s  t h e  e s t u a r y .  Thus, a  m ix tu r e  o f  b o th  s a n d -sh a p e  
p o p u la t i o n s  a r e  p r e s e n t  w i th in  t h e  ch an n e l  and s h o a l in g  a r e a s  n e a r  t h e  
h ead  o f  t h e  e s t u a r y .
3 a n d - s i z e d  sed im en t c o n ta in e d  w i th in  t h e  c h an n e l  and f l a n k in g  
s h o a l s  o f  t h e  u p p e r  e s t u a r y  d i s p l a y  t h e  same t r e n d  as  u p r i v e r .  V ary ing  
p e r c e n ta g e s  o f  b o th  end-member o c c u r  w i th in  a r e a s ,  a l th o u g h  h i g h e r  
p e r c e n ta g e s  o f  end-member I I  o c c u r  a lo n g  th e  f l a n k i n g  s h o a ls  th a n  
w i t h i n  t h e  u p p e r  e s t u a r y  c h a n n e l .  T h is  t r e n d  i n d i c a t e s  t h a t  l a t e r a l  
e r o s io n  o f  th e  e s t u a r y  f l a n k s  i s  c o n t r i b u t i n g  more rounded  s a n d - s i z e d  
sed im en t t o  t h e  e s t u a r y ?s  a c t i v e  t r a n s p o r t  system  and t h a t  t h i s  s e d i ­
ment t e n d s  t o  rem ain  on th e  s h o a l i n g  a r e a s .
In  t h e  m id d le  e s t u a r y ,  low er p e r c e n ta g e s  o f  end-member I  o c c u r  in  
b o t h  t h e  c h an n e l  as  w e l l  as  a lo n g  t h e  f l a n k in g  s h o a l s  in  r e l a t i o n  t o  
end-member I I ,  T h is  i s  a t t r i b u t e d  t o  low r a t e s  o f  s e d im e n ta t io n  a long
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t h e s e  r e a c h e s  due t o  t h e  p o s s i b i l i t y  o f  sed im en t b y p a s s in g  in  t h e  m id d le  
e s t u a r y  r e a c h e s  (Luk en , 1982 P e r s o n a l  C om m unication). I t  i s  a l s o  p o s s i ­
b l e  t h a t  l o c a l l y  d e r iv e d  sand  from l a t e r a l  e r o s io n  h a s  an i n c r e a s i n g  
in f l u e n c e  upon t h e  f a r - f i e l d  e f f e c t s  o f  t h e  d i s t r i b u t i o n  o f  P iedm ont-  
d e r iv e d  r i v e r  sands  w i t h i n  t h e s e  r e a c h e s .  N o n e th e le s s ,  P iedm ont r i v e r  
s a n d - sh a p e  c h a r a c t e r i s t i c s  a r e  s t i l l  p r e s e n t  w i th in  t h e  bo tto m  sed im en ts  
o f  t h e  m id d le  e s t u a r y .
In  t h e  low er e s t u a r y ,  s l i g h t l y  h i g h e r  p e r c e n ta g e s  o f  end-member I  
a r e  p r e s e n t  w i th in  t h e  bo ttom  se d im e n ts  c o n ta in e d  w i th in  t h e  e s tu a ry '  
c h an n e l  and on t h e  s h o a l s  i n  r e l a t i o n  t o  p e r c e n ta g e s  c o n ta in e d  w i th in  
t h e s e  a r e a s  i n  t h e  m id d le  e s t u a r y .  In  a d d i t i o n ,  a  s an d -sam p le  ta k e n  
o u t s i d e  t h e  e s t u a r y  mouth shows a  m arked i n c r e a s e  i n  p e r c e n t  com posi­
t i o n  o f  end-member I  i n  r e l a t i o n  t o  t h e  p e r c e n ta g e s  found  w i th in  t h e  
m id d le  and low er r e a c h e s  o f  t h e  e s t u a r y .  T h is  t r e n d  may be  i n t e r p r e t e d  
i n  two ways; h i g h e r  p e r c e n ta g e s  o f  end-member I  in  t h e  low er e s t u a r y  
th a n  in  t h e  m id d le  e s t u a r y  c h an n e l  can be  a t t r i b u t e d  t o  h i g h e r  r a t e s  
o f  d e p o s i t i o n  w i th in  t h e  low er e s t u a r y  t h a n  in  t h e  m id d le  r e a c h e s  
(Luken, 1982 P e r s o n a l  C om m unication). Thus, r i v e r  s an d s  moving down 
th e  e s t u a r y  a lo n g  t h e  s h o a l s  o r  p e rh a p s  w i th in  th e  ch an n e l  may b y p ass  
t h e  m id d le  e s t u a r y  and s e t t l e  o u t  w i th in  t h e  low er e s t u a r y .  A no ther  
i n t e r p r e t a t i o n  i s  t h a t  P ie d m o n t-d e r iv e d  r i v e r  s a n d s  may have  been  
d e p o s i t e d  o u t s i d e  t h e  r i v e r  mouth d u r in g  low er s t a n d s  o f  s e a  l e v e l ,
W ith t h e  su b se q u e n t  g r a d u a l  r i s e  i n  s e a  l e v e l  and th e  deyelopm ent o f  
e s t u a r i n e  c i r c u l a t i o n  p a t t e r n s ,  t h e s e  d e p o s i t s  a r e  rew orked  i n t o  
s u s p e n s io n  and may move back  i n t o  t h e  low er e s t u a r y  mouth v i a  a n e t -  
landw ard  bo ttom  t r a n s p o r t .
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Thus, t h e  a fo re m e n t io n e d  t r e n d s  i n  t h e  d i s t r i b u t i o n  o f  r i v e r -  
bo rn e  sands  w i th iq  t h e  Rappahannock e s t u a r i n e  sed im en t reg im e may be 
a  r e s u l t  o f  b o th  lo n g - te rm  and s h o r t - t e r m  sed im en t t r a n s p o r t  p r o c e s s e s .  
S h o r t - t e r m  p r o c e s s e s  s u c h  a s  p e r i o d i c  r i v e r  f l o o d in g  can e ro d e  and 
re s u sp e n d  s a n d - s i z e d  sed im en t w i t h i n  t h e  r i v e r i n e  r e a c h e s  o f  t h e  
Rappahannock and c o n s e q u e n t ly  d e l i v e r  t h e s e  se d im e n ts  i n t o  t h e  u p p e r  
e s t u a r y  sed im en t re g im e .  Long-term  p r o c e s s e s  s u c h  a s  t y p i c a l  b i ­
d i r e c t i o n a l  e s t u a r i n e  c i r c u l a t i o n  p a t t e r n s ,  as  w e l l  as  any  d e v i a t i o n s  
from t h e s e  p a t t e r n s  in d u c ed  by m e t e r o l o g i c a l  f o r c i n g ,  e t c . ,  can e ro d e  
and r e d i s t r i b u t e  r i v e r - b o r n e  san d s  w i th in  t h e  e s t u a r i n e  sed im en t 
re g im e ,  hence  a c c o u n t in g  f o r  i t s  p r e s e n c e  w i th in  t h e  b o ttom  sed im en ts  
th ro u g h o u t  t h e  r i v e r - e s t u a r y  sys tem .
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